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 Inhibitor of differentiation (Id) family helix-loop-helix proteins regulate the 
proliferation, survival and differentiation of numerous cell types during development, 
however their function during retinal development has not been analyzed. Using loss-of-
function and overexpression assays in zebrafish, I demonstrate that Id2a levels modulate 
retinoblast cell cycle kinetics and thereby influence neuron and glia formation in the 
retina. Id2a-deficient retinas possess increased numbers of cells occupying S phase, at the 
expense of mitotic cells, and kinetic analyses demonstrate that Id2a is required for S-
phase progression and/or the transition from S to M phase. Id2a-dependent defects in 
retinoblast proliferation lead to microphthalmia and to an absence of nearly all 
differentiated inner and outer nuclear layer cell types. Overexpression of id2a has the 
vii
opposite effect on retinoblast cell cycle kinetics: id2a-overexpressing retinoblasts 
progress from S to M phase more rapidly and they undergo mitosis more frequently, 
which results in macrophthalmia. Mosaic analyses reveal that Id2a function in facilitating 
both cell cycle progression and neuronal differentiation in the retina is non-cell-
autonomous, suggesting that Id2a functions upstream of the extrinsic pathways that 
regulate retinogenesis.  In an effort to identify which extrinsic pathways function 
downstream of Id2a, I discovered that Id2a function is necessary and sufficient to limit Notch 
pathway activity during retinogenesis.  Id2a-deficient retinae possess elevated levels of Notch 
pathway component gene expression, while retinae overexpressing id2a possess reduced 
expression of Notch pathway component genes.  Attenuation of Notch signaling activity by 
DAPT or by morpholino knockdown of Notch1a is sufficient to rescue both the proliferative 
and differentiation defects in Id2a-deficient retinae.  In addition to regulating Notch pathway 
activity, through an RNA-Seq and differential gene expression analysis of Id2a-deficient 
retinae, I identified a number of additional intrinsic and extrinsic regulatory pathway 
components whose expression is regulated by Id2a.  These data highlight the integral role 
played by Id2a in the gene regulatory network governing the transition from retinoblast 
proliferation to terminal differentiation during vertebrate retinogenesis.   
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CHAPTER 1 
 
INTRODUCTION: EARLY RETINAL DEVELOPMENT AND RETINOGENESIS 
IN THE DEVELOPING VERTEBRATE EMBRYO 
 
 
I. 1. Early retinal development in the zebrafish, Danio rerio 
 
 In zebrafish, the eye field primordia first emerge as a group of cells located 
laterally along the developing brain at 11 hours post fertilization (hpf) (Schmitt and 
Dowling, 1994; Kwan et al., 2011). The newly sprouted cells form a flat layer and 
ultimately they collectively invaginate in order to form the optic vesicle at 16 hpf (Kwan 
et al., 2011).  This invaginated optic vesicle then grows in size and undergoes a series of 
complex morphogenetic movements that transforms it into an optic cup by 24 hpf (Kwan 
et al., 2011).   
 
I.2. Retinogenesis and Histogenesis of the developing eye 
 
 During retinogenesis, retinal progenitor cells (RPC) that are initially arranged as a 
pseudostratified neuroepithelium within the optic cup differentiate into the six basic 
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neuronal cell types and Müller glia that are contained within the differentiated retina.  
During early phases of retinogenesis, RPCs span the width of the optic cup, such that 
their apical and basal processes contact both surfaces of the optic cup (Vetter and Brown, 
2001; Kwan et al., 2011).  As retinogenesis progresses, the optic cup RPCs become 
proliferative (also known as retinoblasts) and when they undergo mitoses, their nuclei 
migrate in an apical to basal direction, in a process known as interkinetic nuclear 
migration (INM) (reviewed in Latasa et al., 2009; Del Bene et al., 2008).  During INM, 
retinoblast nuclei migrate to the basal surface during G1 and S phases of the cell cycle, 
during G2 they turn direction and migrate back towards the apical pole and undergo 
mitoses (Del Bene et al., 2008).  After retinoblasts receive the proper environmental 
signals they execute their final mitoses, exit the cell cycle and initiate a terminal 
differentiation program for a particular retinal cell type.  Birth order of retinal cell types 
is conserved amongst vertebrates, such that ganglion cells are the first to differentiate and 
Muller glia are the last (reviewed in Agathocleous and Harris, 2009).  
 
 In zebrafish, histogenesis, partitioning of distinct cell classes into organized 
laminae, of the retina occurs between 32 and 74 hpf.  Ganglion cells, whose axons are 
bundled into the optic nerve, are the first to appear in the zebrafish retina at 
approximately 32 hpf within the ventronasal patch (nasal region of the ventral retina) 
(Schmitt and Dowling, 1999).  By 40 hpf, a wave of ganglion cell genesis spreads to the 
temporal (central) regions of the retina and this occurrence results in the formation of the 
ganglion cell layer (GCL).  At 50 hpf the first amacrine cells, an interneuron cell type, are 
observed in the developing inner nuclear layer (INL), as well as horizontal cells, which 
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are visible along the scleral border (Schmitt and Dowling, 1999).  At around 55 hpf, the 
first rod and cone photoreceptors differentiate in the developing outer nuclear layer 
(ONL).  Finally, Muller glia and bipolar neurons begin to differentiate at 60 hpf (Schmitt 
and Dowling, 1999).  By 120 hpf, the larval retina contains three distinct nuclear layers or 
laminae (GCL, INL and ONL), which are separated by the inner plexiform layer (IPL) 
and the outer plexiform layers (OPL) (Fig. I-1).   
 
 The retina receives visual information via a temporal sequence of light activation 
and electrical signaling between the ONL, INL and GCL (Dowling, 1987).  As light 
enters into the front of the eye through the lens, it is focused onto the retinal 
photoreceptors in the ONL, which absorb the light utilizing photo pigments such as 
Rhodopsin and Opsin (Dowling, 1987).  The light is transformed into an electrical signal, 
which is then transmitted to the INL neurons and bipolar neurons. Subsequently, the 
ganglion cells receive and relay the signal through their axons in the optic nerve into the 
brain for further visual processing (Dowling, 1987).  The correct numbers and location of 
a particular type of retinal neuron is critical for optimal vision.  Disruptions in retinal 
growth, the abundance of retinal neuron subtypes and in their final location within the 
retina can directly alter vision, often in severe cases leading to blindness.  Therefore, it is 
critical to study the mechanisms underlying the formation and homeostasis of the retina.   
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Figure I.1.  Retinal architecture and cell type composition in the zebrafish larval 
retina. 
A dorsal transverse section of the larval retina at 5 dpf and a cartoon of the neuron cell 
types and glia that reside in it are depicted.  RPE-retinal pigmented epithelium; ONL-
outer nuclear layer; OPL-outer plexiform layer; INL-inner nuclear layer; IPL-inner 
plexiform layer; GCL-ganglion cell layer; dCMZ-dorsal ciliary marginal zone, vCMZ-
ventral ciliary marginal zone. D (dorsal), V (ventral).  
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I. 3. Intrinsic factors regulating retinal cell fate specification 
 
 RPC multipotency, specification and proliferation are regulated by homeodomain 
containing transcription factors—such as Pax6 (Marquardt et al., 2001), Six6 (Li et al., 
2002), Sox2 (Taranova et al., 2006), Rax (Mathers et al., 1997) and Vsx2 (Burmeister et 
al., 1996). For example, Pax6 is required for RPC multipotency (Marquardt et al., 2001), 
and its temporal expression influences retinoblast proliferation (Hsieh and Yang, 2009).  
Sox2 deficiency within the optic cup abolishes neurogenic competence and cells instead 
convert to non-neurogenic ciliary epithelium (Matsushima et al., 2011).  The loss of 
Sox2-driven neural competence is associated with ectopic increases in Pax6 levels, 
suggesting that there is an antagonistic epistatic interaction between Sox2 and Pax6 that 
modulates the competence of RPCs within the developing optic cup.  In addition to 
defects in multipotency, retinal proliferation defects have also been observed following 
loss of Vsx2 (Burmeister et al., 1996; Green et al., 2003) and Pax6 (Marquardt et al., 
2001; Hsieh and Yang, 2009).  Although Pax6 inhibits premature differentiation during 
early retinogenesis by influencing retinoblast proliferation, it is required for the terminal 
differentiation of distinct retinal cell types during later phases of retinogenesis (Oron-
Karni et al., 2008).  Homeodomain transcription factors are critical for the 
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commencement of retinogenesis and, during later phases, their sustained activity is 
important for cell fate determination.   
 
  Downstream of the homeodomain proteins, proneural basic helix-loop-helix 
(bHLH) proteins are essential regulators of cell fate determination during vertebrate 
retinogenesis.  Distinct retinal cell classes require the combined expression of various 
bHLH transcription factors for their formation (Vetter and Brown, 2001).  Proneural 
bHLH factors drive the transcriptional programs that are necessary for the terminal 
differentiation of retinal cell types.  For example, Atoh7 (formerly Ath5) is required for 
the formation of ganglion cells (Kay et al., 2001; Willardsen et al., 2008).  Loss of atoh7 
leads to a complete loss of ganglion cells, with a concomitant increase in the number of 
amacrine neurons, bipolar neurons and Muller glia (Kay et al., 2001).  Atoh7 drives the 
expression of genes necessary for the terminal differentiation of ganglion cells during 
retinal development, such as Brn3d (Hutcheson and Vetter, 2001).  The expression of 
atoh7 itself depends upon the homeodomain transcription factor Pax6 (Brown et al., 
1998; Willardsen et al., 2008), as does nrgn2 and ascl1 (Marquardt et al., 2001), 
demonstrating that Pax6 can directly modulate proneural bHLH gene expression.  Pax6 
expression is maintained in post-mitotic ganglion and amacrine cells, suggesting that its 
sustained upstream activity may be required to propagate bHLH gene expression as 
retinogenesis proceeds (Ochocinska and Hitchcock, 2007).  In all, proneural bHLH gene 
expression and activity ultimately influences the final cell type composition of the 
developing retina, and as such, the temporal and spatial regulation of their expression, 
localization and activity are critically important during retinogenesis.   
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 Components of the cell cycle regulatory pathway influence retinal growth and 
neurogenesis by modulating retinoblast proliferation and the timing of cell cycle exit.  
Before a RPC can differentiate into a specific retinal neuron type or Muller glial cell, it 
must sufficiently proliferate and exit the cell cycle in a timely manner.  Perturbations in 
the developmental timing or location of cell cycle exit can directly influence the cell fate 
outcome of a RPC and/or the final size of the retina.  For example, in mice, p57-deficient 
retinas exhibited inappropriate S-phase entry, concomitant with an increase in retinoblast 
apoptosis (Dyer and Cepkp, 2000).  p57 (kip2) is a cyclin-dependent kinase inhibitor that 
is essential for cell cycle exit (Sherr and Roberts, 1999).  The p57-deficient retinae 
ultimately exhibited alterations in neuron cell subtype composition, indicating that p57 is 
required to influence timely cell cycle exit, as well as the appropriate cell type 
composition in the mature retina (Dyer and Cepko, 2000).   Progression through the cell 
cycle requires the activity of cyclin-dependent kinases and their binding partners, the 
cyclins (Lee, 1995).  Cyclin D1, a D-type cyclin used to promote S-phase entry, is known 
to regulate the “neurogenic” output of RPCs during retinogenesis in mice (Das et al., 
2009). Cyclin D1 deficient retinas are hypocellular, demonstrating that it is required to 
modulate retinal growth.  In addition, its depletion increases the rate of cell cycle exit and 
the proportion of early born neurons—ganglion cells and photoreceptors increase at the 
expense of horizontal and amacrine interneurons (Das et al., 2009).  So, not only are cell 
cycle regulatory components necessary for sustained retinal growth, they are also 
important regulators of timely cell cycle exit and thus retinal cell fate specification.   
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I. 4. The role of extracellular signaling factors during retinogenesis 
 
 The initiation and maintenance of retinal neurogenesis is regulated by crosstalk 
between extrinsic signaling pathways during retinogenesis.  Various extracellular signals 
influence the proliferation and timing of RPC differentiation. It is well established that 
the Fgf, Shh, Notch, Wnt and Bmp pathways all play crucial roles during retinogenesis 
(reviewed in Agathocleous and Harris, 2009).  In the zebrafish retina, neurogenesis 
initiates within the ventronasal patch (Hu and Easter, 1999).  This is thought to occur by 
the cooperative action between Fgfs and Shh (Vinothkumar et al., 2008)—Fgf3 and Fgf8 
activate the expression of Shh in the ventronasal patch.  Upstream cis-regulatory regions 
within the Shh locus are indeed activated by both Pea3 and Erm, two key Fgf signaling 
pathway effectors (Vinothkumar et al., 2008).  This initial activation is propagated 
dorsally into the central retina and coincides with the appearance of the first ganglion 
cells (Hu and Easter, 1999), which express atoh7 (Kay et al., 2001).  Newly differentiated 
ganglion cells secrete Shh protein in order to propagate the wave of cell cycle exit and 
neurogenesis into the central retina (Neumann and Nuesslein-Volhard, 2000).  In mouse 
RPCs, removal of Suppressor of Fused (Sufu), which is a Shh pathway antagonist, led to 
decreased Vsx2 and Pax6 expression (Cwinn et al., 2011).  The Sufu-deficient retinas 
exhibited enhanced proliferation followed by precocious cell cycle exit and an increase in 
the proportion of early born neurons at the expense of late born neurons and glia (Cwin et 
al., 2011). These data indicate that elevated Shh pathway activity alters the cell cycle exit 
timing and multipotency of RPCs, suggesting that the developing RPC pool is primed to 
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respond to varying levels of Shh pathway activity in order to drive RPCs into 
neurogenesis.     
 
 The Wnt and Notch pathways activate retinal proliferation and inhibit 
differentiation, while at the same time influencing retinal cell fate outcomes (Kubo et al, 
2005; Kubo and Nakagawa, 2008). Wnt and Notch pathway activity maintains RPCs in a 
proliferative state in order to ensure cells do not prematurely exit the cell cycle and 
differentiate, and therefore this avoids RPC pool depletion (Agathocleous and Harris, 
2009). The ectopic activation of Notch pathway activity is correlated with either the 
maintenance of an undifferentiated state or the formation of Muller glia, while 
attenuation of pathway activity causes RPCs to exit the cell cycle and differentiate into 
retinal neurons.  What type of neurons they differentiate into depends on what phase of 
retinogenesis the inactivation occurred (Bernardos et al., 2005; Nelson et al., 2007).  For 
example, acute inactivation of the Notch pathway during early phases of retinogenesis 
biases cells to commit to early retinal cell fates, such as ganglion cells, at the expense of 
late born cell types, such as glia (Bernardos et al., 2005).  The Wnt pathway is thought to 
play a more prominent role within the peripheral margins of the eye, where the retinal 
stem cell population is thought to reside (Kubo et al., 2005).  Wnt pathway activation was 
sufficient to maintain RPCs in an undifferentiated and proliferative state (Kubo et al., 
2005, refs).  However, in the medaka retina the response of RPCs to Wnt signaling 
appears to be temporally sensitive.  Activation of Wnt signaling in the central retina 
during early phases of retinogenesis alters cell cycle progression, apoptosis and 
differentiation, but has little affect during later phases (Sanchez-Sanchez et al., 2010), 
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indicating that as the RPC pool becomes more restricted in its fate outcomes over time 
Wnt plays a less important role.  As evidence of that model in Xenopus, the Wnt and 
Notch pathways have been shown to interact during early phases of retinogenesis in order 
to regulate the RPC transformation from proliferation to differentiation (Agathocleous et 
al., 2009).  The Wnt pathway and Sox2 function upstream of Notch within a molecular 
circuit and this interaction regulates the timing of retinoblast cell cycle exit and therefore 
the timing of neurogenesis.   
 
 
 The Bmp signaling pathway is also required to promote proliferation and the 
onset of a neurogenic program within RPCs (Murali et al., 2005).  Deletion of Bmp 
receptor function in the developing mouse retina led to alterations in the retinal growth 
and neurogenesis.  Bmp type 1 receptor deletion increased programmed cell death, 
decreased the number of proliferative cells and greatly limited the expression of the key 
homeodomain protein Vsx2 during retinogenesis (Murali et al., 2005).  The reduced 
proliferation was correlated with a decrease in Cyclin D1 expression, as well, the 
expression of the proneural bHLH factor Atoh7 and its downstream target Brn3b failed to 
initiate, suggesting that Bmp signaling activity is pivotal for the initiation of neurogenesis 
in the mouse retina. Furthermore, the observation that Vsx2 was abolished implicates 
Bmp signaling as a key modulator of mutlipotency during retinogenesis.  
 
 During retinogenesis feedback interactions between extrinsic signals and intrinsic 
mediators of retinogenesis still remain incompletely understood, however recently 
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substantial progress has been made in understanding this black box.  Some links between 
extracellular signaling cues and the intracellular modulation of retinal development are 
established.  For example, the Shh pathway is known to induce the downstream 
expression of Cyclin D1 (Locker et al., 2006) and Hes1 (Wall et al., 2009), in order to 
modulate retinoblast proliferation directly, and it is required to induce p57(kip2) in order 
to orchestrate cell cycle exit in zebrafish retinoblasts (Shkumatava and Neumann, 2005).  
Induction of Hes1 directly by Gli2 within the mouse retina provides evidence to connect 
the mitogenic properties of Shh to the activation of an intrinsic regulator of retinal 
proliferation, Hes1 (Wall et al., 2009).  Interestingly, Secreted Frizzled Related Proteins 
(Sfrps) function to quench Notch signaling during retinogenesis by directly sequestering 
ADAM10, an transmembrane metalloprotease required to process the Notch ligand upon 
receptor binding (Esteve et al., 2010).  Sfrp1;Sfrp2-/- retina display defects in retinal 
neurogenesis and this is independent of Wnt ligand signaling activity, demonstrating that 
Sfrps are capable of influencing retinal development via modulation of an intrinsic factor, 
the transmembrane protease ADAM10 (Esteve et al., 2010).  Conversely, intracellular 
factors are also capable of directly activating Notch signaling component expression in 
order to modulate retinal development.   The factor Cyclin D1, independent of its cell 
cycle function, can bind to the Notch1 promoter to activate transcription in order to 
ensure retinoblasts remain in a progenitor state (Bienvenu et al., 2010).  Furthermore, the 
transcription factor Foxn4 can directly activate the expression of Dll4 in the mouse retina 
in order to inhibit the production of photoreceptors (Luo et al., 2012) and its function is 
required for the genesis of amacrine and horizontal cells (Li et al., 2004).  From these 
studies it is clear that the bidirectional interactions between extracellular signals and 
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intrinsic factors is an essential phenomena during retinal development, however the 
genetic regulatory network governing these interactions remains elusive.  A deeper 
understanding of this complex feedback is essential to enhance our understanding of the 
mechanisms underlying retinogenesis.  
 
I.5. The Inhibitor of Differentiation Family proteins  
 
 At the inception of this dissertation study, in contrast to the plethora of 
information known about the role of the proneural bHLH proteins during retinal cell fate 
specification events, very little was known about the functional roles of the Inhibitor of 
Differentiation (Id) family of proteins during vertebrate retinal development.  Id proteins 
are helix-loop-helix (HLH) proteins that are expressed in a variety of developing tissues 
(Ruzinova and Benezra, 2003).  There are four conserved Id proteins, Id1-Id4, and all 
four are expressed in the developing retina (Jen et al., 1997; Thisse et al., 2001; Liu et al., 
2003; Chong et al., 2005).  Id proteins are known to antagonize the ability of transcription 
factors to bind DNA and hence they are also known as Inhibitors of DNA binding.  Ids 
lack the basic domain required to directly bind DNA, however because they contain an 
HLH motif, they are efficient at sequestering HLH proteins in order to influence 
downstream transcriptional events (O’Toole et al., 2003; Jogi et al., 2005) (Fig. I-2).  
Indeed, Id proteins are capable of antagonizing bHLH proteins by 1) Disrupting the 
hetero-dimerization formation that is necessary to activate transcription of target genes, 
and 2) They sequester bHLH proteins into the cytoplasm away from the nucleus 
(O’Toole et al., 2003). This function of Id proteins has been largely examined in vitro, 
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where they have been demonstrated to dimerize with bHLH factors such as E47 (Benezra 
et al. 1990, Norton, 2000).  Id2 has also been shown to effectively interact with and 
antagonize Retinoblastoma (Rb) family proteins and Pax family transcription factors in 
vitro (Roberts et al., 2001), indicating additional levels of in vivo function beyond simply 
antagonizing bHLH factors. 
 
 Id2 has been directly implicated in the control of proliferation and differentiation 
in vivo as well.  ld2 knockout mice exhibit alymphoplasia and defects in cardiac and 
mammary gland development that stem from either defects in cell fate decisions or from 
defects in cell cycle progression (Yokota et al. 1999; Ruzinova and Benezra, 2003; 
Moskowittz et al. 2007).  Id2 null mice exhibit defects in development of the immune 
system, as B and T cell lineages are diminished (Morrow et al., 1999) and Id2 null mice 
completely lack lymph nodes (Yokota et al., 1999). In addition, Id2 knockout mice 
display defects in mammary gland homeostasis and lactation (Mori et al., 2000).  Id2 
knockout results in 25% perinatal lethality and surviving Id2 null mice are significantly 
smaller in size than wild-type siblings (Yokota et al., 1999). Id2 is expressed during 
retinal development in mice (Jen et al., 1997), chick (Martinsen et al., 2004), xenopus 
(Liu et al., 2003) and zebrafish (Chong et al., 2005), however the functional role of Id2 
during retinal at the onset of this dissertation was unknown. 
 
 In this dissertation study, the functional role of Id2a, the zebrafish orthologue of 
Id2, was investigated during retinogenesis.  The results of these studies help to shed light 
on the alternative mechanisms used during retinogenesis in order to regulate such 
14 
processes as cell cycle progression, cell fate commitment and terminal differentiation.  
This study establishes Id2a as a key modulator of retinal growth and neuron/glia 
formation via upstream interactions with the Notch signaling pathway.  The implications 
of this study may extend beyond development of the retina, because the mechanisms 
underlying many retinal neuron degenerations and retinopathies are associated with 
aberrant proliferation and the inappropriate expression of retinal development regulators. 
15 
 
 
 
Figure I-2: Basic helix-loop-helix proteins and the mechanism of antagonism 
mediated by Id family proteins 
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Chapter II 
 
 Id2a influences cell fate specification events in the retina and regulates growth of 
the eye by modulating retinoblast cell cycle kinetics 
 
 
 
 II.1 Introduction 
 
 Retinogenesis, the process whereby a retinal progenitor cell transforms into a 
differentiated neuronal or glial cell can be divided into five general steps. 1) The 
designation of retinal progenitor identity during the optic vesicle and optic cup stages 
(McCollum et al., 2007; Zaghloul and Moody, 2007). 2) The expression of specific 
transcription factors involved in retinal cell type specification (Inoue et al., 2002; 
Kageyama et al., 2005). 3) Cell cycle exit following a terminal mitosis (Dyer and Cepko, 
2000; Dyer and Cepko, 2001a; Dyer and Cepko, 2001c; Park et al., 2005; Shkumatava 
and Neumann, 2005). 4) The expression of terminal differentiation factors (Sernagor, 
2006; Harada et al., 2007) and 5) Neuronal or glial morphogenesis.  
 
Retinal cell fate specification during retinal development is regulated by the 
function of several transcription factor classes, most notably through the combinations of 
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the homeobox and bHLH transcription factors, (Dyer, 2003; Harada et al., 2007; Ohsawa 
and Kageyama, 2008).  Retinal Ganglion cell (RGC) formation requires Ath5 function, as 
it promotes the expression of ganglion cell specific genes (Kay et al., 2005; Mu and 
Klein, 2004). Cells of the inner nuclear layer (INL) require NeuroD4 for their 
specification (Inoue et al., 2002; Kageyama et al., 2005), and it is also thought to mediate 
the differentiation of bipolar neurons in response to CNTF (Bhattacharya et al., 2004).  
The bHLH factor tfap2α is expressed in early fated amacrine cells (Pujic et al., 2006; 
Thisse and Thisse, 2004) and has been implicated in their differentiation (Edqvist et al., 
2006; Mao et al., 2009; Moreira and Adler, 2006).   Photoreceptor cells require the 
homeobox factor Crx for their specification and differentiation (Shen and Raymond, 
2004; Harada et al., 2007; Hennig et al., 2008; Ohsawa and Kageyama, 2008).    
 
The Inhibitor of Differentiation (Id) family of helix-loop-helix proteins are 
involved in the intrinsic control of proliferation and differentiation during development 
(Coppe et al., 2003; Desprez et al., 2003; Kowanetz et al., 2004; Lasorella et al., 2002).  
There are four Id family members (Id1-4), and Ids resemble bHLH transcription factors 
but lack the “basic” DNA binding domain and therefore cannot bind directly to DNA 
(Benezra, 2001). bHLH factors must heterodimerize to exert their transcriptional control 
and Ids antagonize this function by sequestering bHLH factors and preventing them from 
binding to DNA (Ghil et al., 2002; Lasorella et al., 2001; Norton, 2000; Ying et al., 
2003).  Several studies in vitro have highlighted Id family roles in maintaining a 
proliferative and pluripotent state in expressing cells (Jung et al., 2009; Ying et al., 2003; 
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Yokota, 2001), and the Ids are also contributing factors in numerous types of cancer 
(Lasorella et al., 2001).  
 
Id2 is expressed in the mouse (Yokota, 2001) and zebrafish retina (Chong et al., 
2005; Thisse et al., 2004), and Id2-/- mice are microphthalmic (Yokota et al., 1999); 
however, its roles during retinal development have not been directly examined. Given the 
integral roles of bHLH proteins during retinal development, and the precise spatial and 
temporal controls that exist in the developing retina to facilitate proliferation, cell fate 
specification and neuronal differentiation, we focused on Id2 to determine if it played a 
role in any of these events. Using loss-of-function and overexpression strategies in 
zebrafish, our experiments reveal two novel, and interrelated functions for Id2a during 
retinogenesis. First, Id2a modulates the progression of retinoblasts through the cell cycle 
and specifically, S-phase progression and/or the duration between S-phase and M-phase.  
Alterations in Id2a levels impact growth of the eye, with Id2a-deficient embryos being 
microphthalmic and Id2a-overexpressing embryos being macrophthalmic.  Second, Id2a 
regulates INL and ONL cell fate specification events by influencing the expression of 
factors whose functions are essential for normal retinal neurogenesis.  In Id2a deficient 
retinas, these factors are not properly expressed, proliferative retinoblasts do not exit the 
cell cycle, and differentiated INL and ONL neurons are absent.  Mosaic analyses reveal 
that Id2a function in facilitating cell cycle progression and subsequent retinal 
differentiation is cell non-autonomous, suggesting that Id2a functions upstream of the 
extrinsic pathways that regulate retinogenesis.  
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II.2 Results 
 
II-2.1 Id2a developmental expression during retinal development 
 
 Zebrafish possess two Id2 paralogs, id2a and id2b. id2a transcripts are detected 
throughout the retina and lens at 24 hpf (Chong et al., 2005; Thisse et al., 2004) (data not 
shown). In the retina, id2a expression is restricted to the developing INL at 48 hpf and is 
maintained there at 72 hpf, as well as being expressed in the ciliary marginal zones 
(CMZs). id2b is not detected in the retina at 24 hpf (see Fig. II-1A), and at 48 hpf small 
groups of cells near the retinal ganglion cell (RGC) layer begin to express id2b (see Fig. 
II-1B). 
 Utilizing a polyclonal antiserum generated against a C-terminal epitope of mouse 
Id2, western blot analysis of 48 hpf lysates derived from embryos injected with a 5 bp-
mismatch control MO (Id2a-MM) indicated that the antiserum detects a ∼15 kDa band, a 
similar size to Id2 (see Fig. II-1G). This band was reduced in lysates from embryos 
injected with a translation-blocking MO targeting id2a (Id2a-MO) (see Fig. II-1G). MO 
knockdown of Id2b (Id2b-MO) did not affect the levels of the 15 kDa band, suggesting 
that the antiserum might be specific to Id2a. In some extracts, two additional bands were 
detected at ∼25 and 35 kDa, the identities of which are unknown. The Id2 antiserum 
labeled cells throughout the retina and lens at 24 hpf (see Fig. II-1C) and in the dorsal 
CMZ at 48 hpf (see Fig. II-1D). Id2 protein was not detected in Id2a-MO retinas at either 
time point (see Fig. II-1E,F). 
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Figure II-1: Retinal expression of id2b and knockdown of Id2 protein during 
retinogenesis. 
Zebrafish possess two id2 paralogs, id2a and id2b. (A,B) id2b mRNA is not detected in the retina 
at 24 hpf (A), whereas at 48 hpf small clusters of cells are positive for id2b (B, arrows). (C,D) Id2 
is expressed throughout the neuroepithelial retina and lens at 24 hpf (C) and becomes restricted to 
the dorsal CMZ by 48 hpf (D). (E,F) Id2 protein is not detected at 24 hpf (E) or at 48 hpf (F) in 
Id2a morphant retinas. (G) Western blot confirmation of Id2 antibody specificity and MO 
knockdown. Id2 antibody recognizes a specific band at 15 kDa from 48 hpf larval lysates. MO-
mediated knockdown of Id2a leads to reductions in the specific ∼15 kDa band, whereas MO 
knockdown of Id2b does not. 
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II-2.2. Id2a influences growth of the eye and is required for retinal lamination and 
neuronal/glial differentiation 
 
 Id2a morphants are microphthalmic when compared to Id2a-MM injected 
embryos (Fig. II-2A,B). Quantification of eye size at 48hpf along the anterior/posterior 
(AP), dorsal/ventral (DV) and nasal/temporal (NT) axes revealed that Id2a-MO eyes were 
reduced in size along each axis (Fig. II-2I).  Co-injection of 85pg of id2a-mRNA that 
could not be targeted by Id2a-MO was able to rescue eye size in Id2a morphants (Fig. II-
3A-D).  Id2a morphants also exhibited decreases in brain size, however other aspects of 
embryonic development such as body length, pigmentation and yolk consumption 
appeared largely normal, indicating that the Id2a-MO effects are not likely to result from 
a non-specific morpholino-induced developmental delay.  
 
 Retinal histology from Id2a-MM injected embryos at 48hpf revealed a well-
laminated retina that, by 72hpf, possessed a morphologically distinct GCL, INL and ONL 
(Fig. II-2C,D).  In contrast, Id2a-MO retinas were poorly laminated at 48hpf, and at 
72hpf, although they appeared to possess a GCL, the INL and ONL were not 
morphologically discernable, with cells in these outer retinal layers remaining progenitor 
like in appearance (Fig. II-2F,G).  At 120hpf, while Id2a-MO retinas recovered 
lamination and had grown substantially, likely reflecting morpholino dilution, the eyes 
remained smaller than those of Id2a-MM controls (Fig. II-2E,H).  
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Figure II-2: Id2a knockdown results in microphthalmia and defects in retinal 
lamination. 
 
(A,B) Id2a-MM-injected (control) (A) and Id2a-MO-injected (B) zebrafish embryos at 48 
hpf display a reduction in eye and brain size. (C-H) Transverse histological sections of 
Id2a-MM and Id2a-MO retinas at 48 (C,F), 72 (D,G) and 120 (E,H) hpf. Id2a-MO eyes 
are smaller than Id2a-MM eyes, and the inner nuclear layer (INL) and outer nuclear layer 
(ONL) are not morphologically identifiable in Id2a-MO retinas at 72 hpf (G). (I) 
Measurements of absolute eye size along the anteroposterior (A/P) and dorsoventral 
(D/V) axes at 48 hpf. n=6 embryos; ***, P<0.001. Error bars indicate ± s.e.m. Dorsal is up 
in all images. GCL, ganglion cell layer; L, lens. Scale bars: 150 µm in A,B; 80 µm in C-
H. 
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Figure II-3: Cell cycle progression and retinal differentiation can be rescued 
following Id2a knockdown.  
 
(A-D) Red/green cone cell distribution in the retinas of Id2a-MM (A), Id2a-MO (B), 85 
pg id2a mRNA (C) and Id2a-MO plus 85 pg id2a mRNA (D) at 72 hpf. (E-H) 
Localization of BrdU+ cells in the retinas of Id2a-MM (E), Id2a-MO (F), 85 pg id2a 
mRNA (G) and Id2a-MO plus 85 pg id2a mRNA (H) at 72 hpf. (I) Quantification of the 
proportion of BrdU+ cells in A-E. **, P<0.05; ***, P<0.005. Scale bar: 50 µm. 
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 Ids are involved in sustaining proliferation, while preventing differentiation 
(Norton, 2000). Therefore, it was possible that the lack of lamination in the Id2a-MO 
retina actually reflected a precocious differentiation event, and that the entire retina was 
composed of RGCs, the first neurons to differentiate in the zebrafish retina (Schmitt and 
Dowling, 1996).  To test this hypothesis, and determine if abnormalities in neuronal 
differentiation underlied the lack of lamination in Id2a morphants, the expression of 
immunohistochemical markers for differentiated neurons and glia was compared between 
Id2a-MO and Id2a-MM retinas (Fig. II-4). While Id2a-MO retinas contained 
differentiated ganglion cells, these cells were limited solely to the inner retina in a similar 
pattern to Id2a-MM controls, indicating that precocious neuronal differentiation did not 
occur in Id2a morphants (Fig. II-4A,B). Surprisingly however, other than an occasional 
rod (Fig. II-4I,J) or red/green cone (Fig. II-4K,L and data not shown), Id2a-MO retinas 
did not express markers for any differentiated INL or ONL neuron subtype (Fig. II-4C-
F), or for Müller glia (Fig. II-4G,H). Co-injection of id2a-mRNA was able to rescue 
neuronal differentiation in Id2a morphants (Fig. II-3G-J).   
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Figure II-4: Id2a is required for the differentiation of late-born retinal neurons and 
Müller glia.  
Immunohistochemical analysis of markers (red) of neuronal and glial differentiation in 
Id2a-MM and Id2a-MO zebrafish embryos at 72 hpf. (A,B) Ganglion cells (zn8), (C,D) 
amacrine cells (5e11), (E,F) bipolar cells (PKC), (G,H) Müller glia (zrf1), (I,J) rods 
(zpr3) and (K,L) red/green cones (zpr1). Although Id2a-MO retinas contain ganglion 
cells (B) and an occasional rod cell (J, arrow) or Müller glia cell (H, arrow), all late 
differentiated cell types are absent. DNA, green. 
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 Id overexpression is known to induce proliferation (Benezra, 2001; Kowanetz et 
al., 2004), and Ids are often upregulated in multiple types of cancers (Lasorella and 
Iavarone, 2001).  Therefore, we were curious if overexpression of id2a-mRNA could lead 
to an enlarged eye (macrophthalmia) or defects in retinal development. While 85pg of 
id2a-mRNA did not induce any obvious phenotypes (Fig. II-3), overexpression of 100pg 
was sufficient to increase eye size in 58.3% of injected embryos, leading to a ~13% 
increase in size over mgfp-injected controls (Fig. II-5A-C). Interestingly, macrophthalmic 
id2a-mRNA overexpressing embryos appeared to be slightly more developed than their 
control injected siblings, exhibiting larger heads and more highly pigmented bodies (Fig. 
II-5A,B).  Id2a-mRNA overexpressing embryos also exhibited other ocular phenotypes, 
such as asymmetrical eyes, suggesting that Id2a may have important roles during early 
eye field formation.  Indeed id2a is expressed in the early eye field (Chong et al., 2005), 
however, all subsequent analyses examines any role that Id2a may have during later 
aspects of retinal development.  
 Histological examination of id2a-overexpressing embryos at 48hpf and 72hpf 
revealed no obvious defects in retinal lamination or patterning, despite their 
macrophthalmia (Fig. II-5D-G).   Analysis of differentiation markers revealed no 
differences in the cell type composition in id2a-overexpressing retinas when compared to 
mgfp-mRNA injected controls at 72hpf (data not shown); a surprising result given that 
overexpression of Id2 in other contexts, e.g. neural stem cells (Ying et al., 2003), neural 
progenitor cells (Zhang et al., 2010) or in neuroectodermal tissues (Lyden et al., 1999), 
leads to an inhibition of differentiation and maintenance of a proliferative or progenitor 
state.   
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Figure II-5: Overexpression of Id2a leads to macrophthalmia but does not affect 
retinal lamination.  
 
(A,B) mgfp mRNA-injected (control) (A) and id2a mRNA-injected (B) zebrafish 
embryos at 48 hpf. Approximately 58% of embryos injected with id2a mRNA exhibit 
enlarged eyes compared with embryos injected with mgfp mRNA. (C) Quantification of 
eye size in mgfp mRNA-injected and id2a mRNA-injected embryos at 48 hpf. n=5 
embryos; **, P=0.015. (D-G) Transverse histological sections of mgfp mRNA and id2a 
mRNA-injected embryos at 48 (D,E) and 72 (F,G) hpf. The id2a mRNA retina at 48 hpf 
(E) is noticeably larger than the mgfp mRNA-injected control (D). Retinal lamination is 
normal at both time points. Error bars indicate ± s.e.m. Scale bars: 150 µm in A,B; 80 µm 
in D-G. 
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II.2.3. Id2a is essential for specification of late born cell types in the retina 
 
  That Id2a-MO retinas do not contain morphologically identifiable neurons and 
glia (Fig. II-2), and that these cells do not express markers of terminal differentiation 
(Fig. II-4), indicates that Id2a functions during early phases of retinogenesis. We thus 
examined each step during early retinogenesis to begin to determine how Id2a regulates 
retinal neuron and glia formation. To assess the first phase of retinogenesis, acquisition of 
retinal progenitor identity, we analyzed the expression of the retinal progenitor identity 
markers pax6a, six3b, mab21lb and sox2 at optic vesicle (14-16hpf) and optic cup stages 
(24hpf), (Fig. II-6). While the eye field as a whole was slightly smaller in Id2a 
morphants, progenitor markers were otherwise expressed normally, indicating that Id2a is 
not likely required for the specification of retinal progenitor cell identity.   
 
 To determine if Id2a was required for the expression of retinal specification 
factors, the distributions of ath5, neuroD4, tfap2alpha and crx were examined by in situ 
hybridization. In Id2a-MM retinas, ath5 expression initiated at 25hpf in a small patch of 
cells in the ventro-nasal retina (Fig. II-7A) coinciding with the onset of retinal 
neurogenesis (Kay et al., 2005), and by 34hpf, ath5 had swept around the retina to the 
ventro-temporal region (Fig. II-7M). While ath5 expression initiated normally in Id2a-
MO retinas, it was restricted to a much smaller domain (Fig. II-7B). By 34hpf, while ath5 
had swept around the entire retina in Id2a morphants, it was restricted to a smaller vitreal 
domain than in control embryos (Fig. II-7N). id2a-mRNA overexpressing embryos both 
initiated and  
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Figure II-6: Id2a is not required for the specification of retinal progenitor identity. 
 
(A-H) Between 14 and 16 hpf, the expression domains of both Id2a-MM (A-D) and Id2a-
MO (E-H) embryos are shown for pax6 (A,E), sox2 (B,F), six3b (C,G) and mab21lb 
(D,H). (I,J) At 24 hpf, the expression of six3b (I) and sox2 (J) is also shown in Id2a-MM 
and Id2a-MO embryos. Although the eye field expression domains are slightly smaller in 
Id2a morphants, the expression patterns of these progenitor identity markers are normal 
compared with Id2a-MM embryos. 
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maintained ath5 normally (Fig. II-7C,O) although expression extended further along the 
scleral axis at 34hpf (Fig. II-7O). Despite these differences, however, RGC specification 
and morphogenesis were unaffected in both Id2a morphants and id2a-overexpressing 
embryos (Figs. II-4,5).  
 
 neuroD4 expression initiated in control retinas at 34hpf (Fig. II-7D), while tfap2α 
and crx initiated at 38hpf (Fig. II-7G,J).  In Id2a-MO retinas, no expression of these 
factors was detected (Fig. II-7E,H,K).  Expression in the brain (neuroD4 and tfap2α) and 
pineal (crx) appeared relatively unaffected, however. Later retinal expression of these 
markers was also disrupted in Id2a morphants.  At 48hpf, neuroD4 refined to a ring of 
expression in the INL (Fig. II-7P), while in Id2a morphants, expression had initiated, but 
transcripts were distributed throughout the entire retina (Fig. II-7Q). tfap2α expression 
was maintained in the INL at 48hpf in control embryos (Fig. II-7S), while crx was 
expressed in the presumptive ONL (Fig. II-7V).  Id2a morphants lacked detectable 
expression of either of these markers at 48hpf (Fig. II-7T,W).  Overexpression of id2a 
did not impact the initiation or maintenance of neuroD4 or tfap2α (Fig. II-7F,I,R,U), 
however the initial expression domain of crx was expanded at 38hpf (Fig. II-7L). Taken 
together, these results indicate that Id2a function is required for the proper expression of 
factors involved in retinal cell fate specification events, supporting a model in which Id2a 
functions during phase 2 of retinogenesis.   
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Figure II-7: Changes in Id2a levels alter the expression of neurogenic factors 
involved in retinal cell fate specification.  
 
(A-X) Lateral views of whole-mount in situ hybridizations detecting the initiation (A-L) 
and maintenance (M-X) of the indicated genes at the indicated time points in Id2a-MM, 
Id2a-MO and id2a-overexpressing zebrafish embryos. Pineal body expression of crx is 
indicated by arrows in J-L. 
 
 
 
 
 
 
 
 
32 
 
 
II.2.5. Id2a modulates retinoblast cell cycle kinetics  
 
 An inability of proliferative retinoblasts to exit the cell cycle leads to defects in 
retinal neuron and glia formation in numerous contexts (e.g. Baye and Link, 2007; Bessa 
et al., 2008; Dyer and Cepko, 2001b, Fischer et al., 2007; Stadler et al., 2005). Moreover, 
bHLH factors have been linked to cell cycle exit; for example, the expression of various 
bHLH factors triggered cell cycle exit in uncommitted P19 embryonal carcinoma cells 
(Farah et al., 2000), and in vivo, retinoblasts in ath5 mutant zebrafish and Math5-/- mice 
remain proliferative (Kay et al., 2001; Le et al., 2006), while overexpression of Xath5 is 
sufficient to drive retinoblasts out of the cell cycle prematurely (Kanekar et al., 1997).   
The onset of tfap2α expression coincides with the appearance of the first post-mitotic 
cells in the INL (Pujic et al., 2006).   Similarly, for the homeobox gene Crx, ectopic 
expression in retinal progenitor cells triggers premature cell cycle exit and differentiation 
into photoreceptor-like cells (Jomary and Jones, 2008).  The changes in expression and 
distribution of these factors following attenuation of Id2a levels, their association with 
cell cycle exit of progenitor cells, and the observation that cells in the outer retina of Id2a 
morphants remain progenitor-like in appearance (Fig. II-2), all suggest that Id2a may also 
function during the third step of retinogenesis - the transition from proliferation to 
differentiation. 
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 To test this hypothesis, retinoblast cell cycle exit was examined via BrdU 
incorporation assays. At all time points analyzed, an increase in the percentage of BrdU+ 
cells was detected in Id2a-MO retinas when compared to Id2a-MM controls (Fig. II-8A). 
At 28hpf, Id2a-MM retinas possessed 42.8% BrdU+ cells, while Id2a-MO retinas 
contained 51% (Fig. II-8A) (p=.073). At 48hpf, concomitant with differentiation within 
the GCL and INL, control retinas contained 29.3% BrdU+ cells, while Id2a-MO retinas 
contained 43% BrdU+ cells (p=.0279). BrdU+ cells were limited to the peripheral retina 
and CMZs of Id2a-MM eyes, while in Id2a-MO retinas, BrdU+ cells were located 
ectopically throughout the central retina (Fig. II-8A). Id2a morphants also continued to 
express the proliferative markers pcna and cyclinD1 in their central retina at 48hpf, a 
region devoid of expression in Id2a-MM embryos (Fig. II-9).  At 72hpf only 4.6% of 
Id2a-MM retinal cells were BrdU+, while 41.3% of Id2a-MO retinal cells remained in S-
phase (p=.0067).  Similar to eye size and neuronal differentiation, cell cycle exit could be 
rescued in a dose-dependent fashion in Id2a morphants when id2a-mRNA was co-
injected (Fig. II-3A-F).  
  BrdU analyses indicated that retinoblasts in Id2a-MO retinas remain in the cell 
cycle, which raised the question of why Id2a morphants were microphthalmic when these 
cells remained proliferative. Two possible models to explain these observations are: 1) 
Increases in the number of proliferative retinoblasts are balanced out by increases in cell 
death, similar to what is observed in p27(Kip1) and p57(Kip2) knockout mice (Dyer and 
Cepko, 2000; Dyer and Cepko, 2001a) and caf-1b mutants (Fischer et al., 2007), or 2) 
cell cycle kinetics are perturbed, such that retinoblasts are delayed in cell cycle 
progression and unable to exit the cell cycle on time.  To test the first model, TUNEL 
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immunohistochemistry was performed and apoptotic nuclei quantified in Id2a-MM and 
Id2a-MO retinas at 28hpf and 48hpf.  No increases in the number of TUNEL+ cells were 
detected at either time point (Fig. II-10), in agreement with histological data that did not 
indicate an increase in pyknotic nuclei following loss of Id2a function (Fig. II-2).  
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Figure II-8: Id2a is required for S-phase progression and is sufficient to enhance 
retinoblast mitotic activity. 
(A) BrdU exposures from 28-30, 48-50 and 72-74 hpf reveal an increased proportion and 
mislocalization of S-phase cells in Id2a-MO retinas compared with Id2a-MM retinas. n=4 
retinas; **, P<0.05. Insets are examples of SYTOX Green/BrdU overlays used for cell 
counts. (B) FACS DNA-content analysis of Id2a-MM and Id2a-MO retinas indicates that 
Id2a-MO retinal cells contain an increased percentage of retinoblasts in S phase, 
concomitant with decreases in G0/G1 and G2/M (data averaged from three independent 
experiments). (C) pH3 localization in Id2a-MM and Id2a-MO retinas at 48 hpf. n=5 
retinas; **, P<0.05. (D) pH3 in mgfp mRNA-injected and id2a-overexpressing retinas at 
31 hpf. Id2a-MO retinas contain a lower percentage of mitotic cells and id2a-
overexpressing retinas contain a higher percentage than controls. n=5 retinas; **, P<0.05. 
(E) Average cell numbers in Id2a-MM, Id2a-MO and id2a-overexpressing retinas. n=4 
retinas; **, P<0.05. Error bars indicate ± s.e.m. 
36 
 
 
 
 
 
Figure II-9: Loss of Id2a leads to a failure to restrict the expression of pcna and 
ccnd1 in the developing retina.  
 
(A-D) Cryosections reveal the expression domains of pcna at 34 hpf (A,B) and ccnd1 at 
48 hpf (C,D) in Id2a-MM retinas and Id2a-MO retinas, respectively. At 34 hpf, the 
expression of pcna remains high throughout the peripheral margins of the eye, whereas in 
Id2a-MO retinas expression remains strong throughout the central retina. Similarly, the 
expression of ccnd1 remains strong at 48 hpf throughout the Id2a-MO retina (D), whereas 
its expression in the Id2a-MM retina (C) is restricted to the peripheral margins of the eye.  
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 To test the second model for the mechanism underlying microphthalmia in Id2a 
morphants, FACS-DNA content analysis was utilized to quantify the percentage of cells 
that occupied each phase of the cell cycle (Bessa et al., 2008).  Analyses at 48hpf 
revealed that approximately 47.7% of retinal cells in Id2a-MM retinas were in S-phase 
(Fig. II-8B). In contrast, 60.3% of cells in Id2a-MO retinas were in S-phase (p=.016).  
Increased S-phase occupancy was accompanied by a decrease in the percentage of cells 
in G0/G1; Id2a-MM control retinas contained 44.5% in G0/G1, and Id2a-MO retinas 
contained only 34.1% (p=.012).  While Id2a-MO retinas also contained fewer cells in 
G2/M (2.6% vs. 4.9% in Id2a-MM retinas), this decrease was not statistically significant 
(p=0.61). Quantification of the percentage of pH3+ cells at 48hpf, however, revealed a 
significant decrease in the number of mitotic cells in Id2a-MO retinas (Fig. II-8C; 
p=.029). Given the reciprocal phenotypes between Id2a morphant and id2a-mRNA 
overexpression embryos, it was logical to suspect that increased Id2a levels may also 
enhance retinoblast mitotic activity.   To address this possibility, the mitotic state of 
retinoblasts in id2a-overexpressing and mgfp-mRNA control retinas was determined by 
quantifying the percentage of pH3+ cells at 31hpf, a time point at which most of the retina 
is actively proliferating.  While mgfp-injected retinas contained 4.9% M-phase 
retinoblasts, id2a-overexpressing retinas contained 8.4% (Fig. II-8D) (p=.015).  
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Figure II-10: Loss of Id2a does not lead to increases in cell death.  
Cryosections showing TUNEL-positive cells (red) and DNA (green) in Id2a-MM retinas 
at (A) 28 hpf and (B) 48 hpf and Id2a-MO retinas at (C) 28 hpf and (D) 48 hpf. The 
number of TUNEL-positive cells in Id2a-MO retinas at both time points is not increased 
compared with the Id2a-MM control. 
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 These observations support a model in which Id2a function is required for S-
phase progression or exit in proliferating retinoblasts.  Id2a knockdown leads to an 
increased number of S-phase retinoblasts, a decreased number of M-phase retinoblasts 
and microphthalmia.  Conversely, increases in Id2a levels lead to an increase in the 
number of mitotic retinoblasts, and macrophthalmia.  In support of this model, 
quantification of the average number of cells/section in Id2a-MM control, Id2a-MO and 
id2a-overexpressing embryos at 48hpf revealed that Id2a-MO retinas contained an 
average of 126 fewer cells than control retinas (p=.0426), while id2a-overexpressing 
retinas contained 168 more cells  (p=.0155) (Fig. II-8E).   
 
 BrdU incorporation, pH3 immunohistochemistry and FACS analyses provide 
static windows into the effects that alterations in Id2a levels have on the cell cycle, but 
they do not enable an assessment of how these alterations affect its overall kinetics.  
Thus, to complement these assays, and determine if Id2a altered retinoblast cell cycle 
kinetics in vivo, two additional cell cycle experiments were performed. The first utilized a 
“percent labeled mitoses” or PLM paradigm (Locker et al., 2006), to determine the 
duration required to progress from S-phase to M-phase in Id2a-MM, Id2a-MO and id2a-
overexpressing retinoblasts.  Experimentally, embryos were exposed to 15-minute BrdU 
pulses at 31hpf and they were fixed at 30-minute increments thereafter, until 2.5 hours-
post-exposure (hpe). BrdU/pH3 immunohistochemistry was then utilized to identify M-
phase cells at the time of fixation (pH3+), and retinoblasts that were in S-phase during the 
BrdU pulse (BrdU+). Cells that were pH3+/BrdU+ had progressed from S-phase to M-
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phase over the duration between exposure and fixation (Fig. II-11A,B), while those that 
were only pH3+ were not in S-phase during the time of the pulse.  The proportion of 
pH3+,BrdU+ cells out of total pH3+ cells represents the percent labeled mitoses, and 
graphing this percentage over time provides an approximate readout of the duration 
between S-phase and M-phase.    
 In Id2a-MM control retinas, a majority of retinoblasts progressed from S-phase to 
M-phase within ~1.5 to 2hpe (Fig. II-11C).  In contrast, Id2-MO retinoblasts progressed 
from S to M-phase much slower; by 1.5hpe ~50% had reached M-phase (p= .0002), in 
agreement with the overall decrease in total pH3+ cells in the morphant retina (Fig. II-
11C).   Conversely, id2a-overexpressing retinoblasts exhibited an accelerated rate of S-
phase to M-phase progression, such that more retinoblasts had progressed to M-phase as 
early as 30min post exposure (p=.0004), and this increase was maintained at 1hpe 
(p=.0205) (Fig. II-11C). 
 These results suggested that Id2a levels modulate overall cell cycle kinetics of 
proliferative retinoblasts during retinogenesis. To further test this possibility, we 
performed a second cell cycle assay that utilized a nuclear-localized Kaede protein (nls-
Kaede) to “label” a small clone of retinoblasts and calculate their rate of proliferation in 
vivo. nls-Kaede was co-injected with either Id2a-MM, Id2a-MO or id2a-mRNA, and at 
30hpf, nls-Kaede was photo converted in small retinoblast clones (Fig. II-12A).  Clones 
were imaged upon photo conversion and then again at 39hpf to determine the rate of 
clonal expansion. In agreement with our PLM data, while control retinoblasts exhibited a 
1.7 fold increase in cell number over this duration (Fig. II-12B,C,H), Id2a-MO 
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retinoblasts only exhibited a 1.29  fold increase (p=.0019) (Fig. II-12D,E,H), and id2a-
overexpressing retinoblasts exhibited a 2.45 fold increase (p=.0002) (Fig. II-12F,G,H).    
 
 
Figure II-11: Id2a modulates the progression between S and M phase in 
proliferating retinoblasts.  
(A) Schematic of the percent labeled mitoses (PLM) paradigm. A 15-minute BrdU pulse 
marks S-phase retinoblasts, which then progress to M phase over time. Detection of M-
phase cells with pH3 identifies those that were in S phase at the time of BrdU exposure. 
(B) Control retinas showing BrdU incorporation (cyan) and pH3 staining (red) at 30 
minutes and 1.5 hours post-exposure. Many S-phase cells have progressed to M phase 
within 1.5 hours and are detected by BrdU/pH3 co-labeling (inset, arrow). (C) Graphical 
representation of PLM from 15 minutes to 2.5 hours post-exposure. Id2a-MO cells are 
delayed in progressing from S to M phase at all time points examined (n=4 retinas; **, 
P<0.003), whereas at 15 minutes, 30 minutes and 1 hours post-exposure, id2a-
overexpressing retinoblasts have progressed from S to M phase more rapidly (n=4 
retinas; **, P<0.025). 
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Figure II-12: Clonal overexpression of id2a is sufficient to enhance retinoblast 
mitoses.  
 
(A-F) Confocal micrographs of transverse immunosections from heat shock-induced 
mCherry-IRES-mGFP (A-C) and Id2a-IRES-mGFP (D-F) zebrafish embryos at 34 hpf. 
GFP+ cells that were pH3+ (arrows in E,F) were counted. The lens (L) and posterior 
boundary of the optic cup are outlined (dashed lines). Dorsal is up in all images. (G) The 
percentage of mitotic GFP+ cells from control mCherry-expressing cells and id2a-
expressing cells. **, P=0.0012. Error bars indicate ± s.e.m. 
 
 
 
 
 Combined, BrdU incorporation assays, pH3 immunohistochemistry, FACS 
analyses and PLM analyses indicate that Id2a modulates cell cycle kinetics in 
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proliferative retinoblasts by effecting the progression through S-phase and/or from S-
phase to M-phase.  Moreover, clonal analyses demonstrate that Id2a-dependent changes 
in cell cycle kinetics correlate with changes in the overall rate of retinoblast proliferation 
in vivo and thereby influence growth of the eye.   
 
II.2.6. Id2a function is cell non-autonomous in the retina 
 
 Intrinsic factors have been shown to regulate the proliferative state of retinal 
progenitors in both cell-autonomous manners, such as with N-myc (Martins et al. 2008), 
and non-autonomous manners, such as with Brg1 (Gregg et al., 2003). Given Id2a’s role 
in modulating cell cycle progression within proliferative retinoblasts and its subsequent 
requirement for retinal differentiation of late born cell types, we wanted to investigate if 
Id2a function was required cell-autonomously or non-autonomously with respect to cell 
cycle progression and retinal differentiation. Shield stage transplants (Carmany-Rampey 
and Moens, 2006) were utilized to create mosaic eyes between Id2a-MO and WT 
embryos, and at 48hpf mosaic embryos were pulsed with BrdU for 30 minutes and 
immediately processed for BrdU immunohistochemistry to assay cell cycle exit (Fig. II-
13A), or fixed at 61hpf to assay for the presence of red/green cone photoreceptors at the 
onset of their terminal differentiation (Fig. II-14). If Id2a downstream effects act cell 
autonomously, then Id2a-MO clones should remain in the cell cycle and fail to 
differentiate cone cells, regardless of their extrinsic environment.  Conversely, if Id2a 
downstream function acts cell non-autonomously, then Id2a-MO clones in a WT 
environment should exit the cell cycle and differentiate along with their WT neighbors.  
44 
Large clones (> 40 cells/clone) of transplanted cells always behaved as their donor 
“genotype”, likely demonstrating a community effect, and therefore all experiments 
analyzed clones of less than 30 cells.  Analysis of retinal clones with respect to cell cycle 
exit revealed that WT clones in a WT environment exhibited an average of 9.3% BrdU+ 
cells/clone (Fig. II-13B,C) (n=4).  In contrast, WT clones in a Id2a-MO environment 
exhibited a significantly higher proportion of BrdU+ cells/clone, 31.6% (p=.0014; n=5) 
(Fig. II-13B,C). Conversely, while Id2a-MO clones in Id2a-MO retinas contained a high 
percentage of BrdU+ cells/clone, 34.7% (n=5), Id2a-MO clones placed in a WT 
environment exhibited a significantly lower percentage of BrdU+ cells, 13.2% (p=.0003, 
n=5). These data indicate that Id2a downstream function is required cell non-
autonomously for cell cycle exit in the retina. In agreement with these observations, 
mosaic analyses at 61hpf revealed that Id2a-MO retinal cells not only exit the cell cycle, 
but also differentiate into red/green cone photoreceptors in a WT environment, as 
evidenced by the localization of Zpr1 antibody marker (Fig. II-14B).  Conversely, WT 
clones in an Id2a-MO environment fail to differentiate into cone cells, behaving as their 
“morphant” environment (Fig. II-14C).  In comparison, WT clones in a WT environment 
successfully differentiate into cone cells (Fig. II-14A), and Id2a-MO clones in an Id2a-
MO environment do not differentiate into cone cells (Fig. II-14D).  In all, these mosaic 
analyses indicate that Id2a functions cell non-autonomously with respect to both cell 
cycle exit and retinal differentiation during retinal development.  
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Figure II-13: Id2a downstream function in mediating retinoblast cell cycle 
progression is non-cell-autonomous.  
 
(A) Schematic of experiment. Biotin-dextran lineage-labeled donor cells were 
transplanted into shield-stage host zebrafish embryos, then mosaic embryos were pulsed 
with BrdU at 48 hpf to assay cell cycle exit. Clones on the ventral side of the central 
retina were analyzed. (B) Transplanted cells (red) and BrdU+ cells (green). Top left, wild-
type (WT) cells in a WT host; top right, WT cells in an Id2a-MO host; bottom left, Id2a-
MO cells in an Id2a-MO host; bottom right, Id2a-MO cells in a WT host. Arrows indicate 
an example of a BrdU+ cell within a clone. (C) Quantification of the percentage of BrdU+ 
cells per clone. n=4-5 clones per condition; **, P<0.001; ***, P<0.0003. 
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Figure II-14: Id2a downstream function in mediating neuronal differentiation is 
non-cell-autonomous.  
 
Ventral retinal clones (red) at 61 hpf stained for zpr1 (blue) immunoreactivity in (A) WT-
WT, (B) MO-WT, (C) WT-MO and (D) MO-MO mosaics. Dashed line, outer plexiform 
layer; asterisks, transplanted cells differentiated as red/green cones. 
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II.3. Discussion 
 
 Although a number of intrinsic and extrinsic factors have been identified that 
regulate retinoblast proliferation and differentiation (reviewed in Agathocleous and 
Harris, 2009; Bilitou and Ohnuma, 2010, Hatakeyama and Kageyama, 2004; Vetter and 
Brown, 2001; Zaghloul et al., 2005), the molecular mechanisms regulating the transition 
from a proliferative state to a differentiated state are not well understood.  Our study has 
identified a new component required for the process – Id2a.  Id2a plays two interrelated 
roles during retinogenesis:  1) Id2a influences eye size by modulating retinoblast cell 
cycle progression.  Loss of Id2a function extends cell cycle length by delaying S-phase 
progression and/or by delaying the transition from S-phase to M-phase, resulting in 
decreased numbers of mitotic retinoblasts and ultimately, in microphthalmia.  
Overexpression of id2a shortens cell cycle length, manifest by a decrease in the duration 
between S-phase and M-phase and increased numbers of mitotic cells, and this results in 
macrophthalmia (Fig. II-15A).  2) Id2a influences the specification of INL and ONL 
retinal cell subtypes.  In Id2a-deficient retinas, late-born INL and ONL retinal cell types 
are not properly specified and, as a result, differentiated INL and ONL neurons are absent 
from the retina (Fig. II-15B). These two novel functions for Id2a are likely linked, as 
mosaic analyses revealed that Id2a function with respect to both cell cycle exit and retinal 
differentiation are cell non-autonomous. 
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Figure II-15: Id2a function during retinogenesis. A schematic of interrelated Id2a 
functions during zebrafish retinogenesis.  
 
(A) Id2a modulates cell cycle kinetics in proliferative retinoblasts by effecting the 
progression through S phase and/or the transition from S to M phase. Id2a levels 
modulate S-phase progression and the duration between S and M phase, as indicated 
schematically by the size of the circles. Id2a-dependent changes in cell cycle kinetics 
correlate with changes in the overall rate of retinoblast proliferation and thereby influence 
growth of the eye. (B) Subsequently, Id2a is required for the expression of neurogenic 
transcription factors and the formation of INL and ONL neurons and glia. 
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II.3.1. Id2a in the specification of INL and ONL cell types 
 
 A requirement for Id2a in the specification of INL and ONL retinal cell subtypes 
was surprising, because Ids are classically thought to inhibit differentiation (Norton, 
2000).  Thus, the predicted Id2a-deficient retinal phenotype was one in which retinoblasts 
exited the cell cycle precociously, resulting in a small retina, composed largely of RGCs.  
In Id2a morphants however, despite a delay in the progression of ath5 expression, RGCs 
differentiated normally and they were located in the appropriate retinal layer (Fig. II-3B).  
Therefore, Id2a-deficient retinoblasts were neither precociously fated, nor ectopically 
differentiating into early born retinal cell types.   Rather, cells in the outer regions of the 
Id2a-morphant retina failed to exit the cell cycle and they did not differentiate.   
Conversely, overexpression of Ids typically leads to the maintenance of a proliferative 
state and an inhibition of differentiation.  While overexpression of Id2a did speed up 
retinoblast cell cycle kinetics, retinal differentiation was overtly normal; all cell types 
were present in id2a-overexpressing retinas, and they were located in their proper laminar 
positions.   Given that the expression of some cell fate markers was precocious (i.e. ath5 
and crx) and the overall rate of development appeared to be mildly enhanced in id2a-
overexpressing retinas, it is possible that the timing of neuronal differentiation was 
altered by id2a-overexpression; however, the net result on cell fates was minimal as the 
id2a-overexpressing retina appeared normal with respect to cell-type composition.   
 
 How might Id2a function in regulating INL and ONL cell fates? Id2 has been 
shown to directly bind to and antagonize both ubiquitous and tissue-specific bHLH 
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proteins, acting as dominant-negative proteins to inhibit their function (Norton, 2000). 
Id2 can also bind and antagonize members of the Pax and Ets families of transcriptional 
regulators (Roberts et al., 2001; Ji et al., 2008), factors that control multiple aspects of 
retinal development, including proliferation and differentiation (Harada et al., 2007).  
Id2a-dependent inhibition of one of these factors may be required for the proper 
expression of neurogenic genes, and in the absence of Id2a, its activity is unchecked and 
neurogenic gene expression is compromised.  The observation that neuroD4 is detected 
in all proliferative cells of the Id2a-MO retina indicates that Id2a function may be 
necessary for the expression or activity of a factor that limits neuroD4 to INL-fated cells. 
NeuroD4 functions in amacrine and bipolar neuron specification and differentiation 
(Inoue et al., 2002; Bhattacharya et al., 2004) and while neuroD4 expression is expanded 
in Id2a-MO retinas, the entire retina is not simply fated to form amacrine or bipolar cells, 
as the expression domain of tfap2α is diminished, and no differentiated amacrine or 
bipolar cells are detected (Fig. II-3). This could reflect that neuroD4 alone is not 
sufficient to specify amacrine or bipolar cell fates—indeed amacrine cells also require 
prox1 and neuroD, while bipolar cells require vsx1/2 for their formation (Inoue et al., 
2002; Decembrini et al., 2006; Harada et al., 2007), or it could indicate that other Ids are 
upregulated in the Id2a-deficient retina, and that these compensate for loss of Id2a 
function. Indeed this is the case in Id4-/- mice, where Id1, Id2 and Id3 levels are all 
increased and these are thought to compensate for loss of Id4 function in some parts of 
the mouse (Yun et al., 2004). Id1 and Id3 (Dickmeis et al., 2002; unpublished 
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observations) are expressed in the zebrafish retina, with Id3 distributed to the INL, 
making it an interesting candidate for further analysis.   
 
II.3.2. Id2a function in modulating retinoblast cell cycle kinetics 
 
 Our cell cycle data demonstrate that Id2a function is necessary for timely cell 
cycle progression in proliferative retinoblasts, and that increases in Id2a levels are 
sufficient to enhance the rate of retinoblast proliferation.  Kinetic analyses indicate that 
Id2a influences cell cycle progression by altering S-phase progression and/or the duration 
between S-phase to M-phase, and this directly impacts proliferative rates in vivo.  These 
functions appear to influence the transition from a proliferative state to a differentiated 
state within the developing retina. It is interesting to note that in addition to being 
expressed in the developing inner retina, we observed Id2a expression in the ciliary 
marginal zones (CMZ) of the eye, a region of the eye that remains proliferative 
throughout the life of the fish (Raymond et al., 2006), suggesting that Id2a’s cell cycle 
function may also be important in this region of the zebrafish eye.  Previous studies have 
shown that Ids are directly linked to cell cycle progression through their functional and 
gene regulatory network interactions with core cell cycle regulatory proteins like Rb, 
cyclinD1 and CKIs (Lasorella et al., 2001; Zebedee et al., 2001). In the vertebrate retina, 
perturbation of cell cycle machinery leads to disruptions in retinal growth and retinal 
differentiation (Bessa et al., 2008, Fischer et al., 2007; Dyer et al., 2000), and in our 
studies we have found that cyclinD1 is maintained in retinal progenitors which fail to 
differentiate in Id2a morphant retinas, suggesting that Id2a can influence the expression 
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of the core cell cycle machinery.  Alternatively, as stated above, Id2a may interact with 
bHLH and homeobox factors, both of which are known to drive proliferative progenitor 
cells out of the cell cycle and stimulate their differentiation (Farah et al., 2000; Kay et al., 
2001; Le et al., 2006; Kanekar et al., 1997).  In either manner, it is also possible that Id2a 
operates intrinsically in a “developmental timing mechanism”, akin to that observed in 
oligodendrocytes (Durand and Raff, 2000), subsequently acting upstream of extrinsic 
signaling pathways which then feed back onto cell fate specification events and cell cycle 
progression in proliferating retinoblasts. 
 
 Mosaic analyses revealed that Id2a functions cell non-autonomously with respect 
to cell cycle exit and differentiation, suggesting that Id2a is required upstream of the 
extrinsic cues regulating cell cycle exit and cell differentiation of retinal progenitors. 
Although we do not yet know which secreted molecule(s) are affected by loss of Id2a, 
many secreted molecules such as Notch, FGFs, BMPs, Wnts and Shh have all been 
implicated in regulating retinoblast proliferation (Levine and Green, 2004; Yang, 2004).   
Of note, the Notch (Nelson et al., 2007) and the Wnt (Agathocleous et al., 2009b) 
signaling pathways have been shown to regulate the transition from a proliferative to a 
differentiated state in the developing vertebrate retina, making them interesting 
candidates downstream of Id2a function. 
 
 Another possible candidate for mediating Id2a activity in the retina is the Shh 
pathway, whose activity is required for cell cycle exit of proliferative retinoblasts 
(Shkumatava and Neumann, 2005), and for the differentiation of INL and ONL cell types 
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(Shkumatava et al., 2004; Stenkamp and Frey, 2003; Stenkamp et al., 2000).  Indeed, 
alterations in Shh pathway activity modulate the cell cycle kinetics of retinoblasts; 
inactivation of Shh signaling leads to an extended cell cycle length and reduced 
neurogenesis, while increased Shh signaling accelerates cell cycle kinetics, decreases cell 
cycle length and promotes neurogenesis (Locker et al., 2006)—phenotypes reminiscent of 
Id2a-deficient and overexpressing retinoblasts.  In the zebrafish retina Shh is expressed in 
two waves, the first by differentiated ganglion cells, and a second wave, which does not 
depend upon the first, by amacrine cells (Shkumatava et al., 2004), and this is required to 
spatially and temporally propagate retinal differentiation during retinal development.  It is 
likely that Shh expression, or downstream molecules required to mediate its effects, is 
altered following loss of Id2a function because although Id2a-MO retinas contain a small 
number of ganglion cells, they do not contain any amacrine cells—thus any secreted 
molecule present would certainly be limited to the vitreal domain of the retina, thereby 
impeding subsequent retinal cell cycle exit and differentiation.  
 
  The observation that an intrinsic factor, like Id2a, may influence development of 
the retina by influencing downstream extrinsic events is not unique.  For example, 
mutations in brg1, which encodes a component of the Brahma chromatin-remodeling 
complex, also lead to cell non-autonomous defects in neuronal and glial differentiation in 
the zebrafish retina (Gregg et al., 2003). Leung et al. (2008) used factorial microarray 
analyses to identify intrinsic and extrinsic regulators of retinal development whose 
expression depends on Brg1.   In their studies, they identified numerous transcription 
factor families, cell cycle and signal transduction pathway components, and terminal 
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differentiation factors that operate in the Brg1-dependent regulatory network (Leung et 
al., 2008). Interestingly, their analyses revealed that id2a and id2b were downstream of 
brg1 during retinogenesis, and our mosaic analyses place Id2a in this retinal 
differentiation network upstream of the extrinsic pathways and the specification factors 
required for the formation of INL and ONL neurons and glia.    
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Chapter III 
 
Id2a functions to limit Notch pathway activity and thereby influence retinoblast 
transition from proliferation to differentiation during zebrafish retinogenesis 
 
 
III.1. Introduction 
 The retina is composed of distinct and specialized neuronal and glial cell types 
that are generated with spatial and temporal precision during embryonic development.  
The mature retina contains seven differentiated cell types: ganglion cells, amacrine cells, 
bipolar cells, horizontal cells, rods, cones and Müller glia.  These cells are organized into 
precise laminae—the ganglion cell layer (GCL), inner nuclear layer (INL) and the outer 
nuclear layer (ONL) (Dowling, 1987).   During retinogenesis each retinal cell type 
develops from a common pool of retinal progenitor cells located in the inner neuroblastic 
layer of the optic cup.  Cell fate specification and commitment mechanisms bias retinal 
progenitors into distinct cell fates that are executed upon terminal differentiation 
(reviewed in Zaghloul et al., 2005; Agathocleoous and Harris, 2009). Cell fate 
specification and terminal differentiation are spatially regulated, beginning in the ventral-
nasal retina and sweeping around dorsally and temporally in a fan-like fashion (Hu and 
Easter, 1999; Schmitt and Dowling, 1994).   Similarly, temporal components of 
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retinogenesis are highly regulated in all vertebrates where the GCL is the first to 
differentiate, followed by the INL and then the ONL.   Finally, balancing proliferation 
and differentiation, neurogenic waves in the retina are coupled to intervening phases of 
proliferation that serve to maintain the retinoblast progenitor population for subsequent 
waves of neurogenesis (Hu and Easter, 1999).  Together, all of these events are 
exquisitely coordinated in order to generate a mature retina of the proper size and 
neuronal/glial composition.   
 
 From numerous studies, a model has emerged for the specification, commitment 
and differentiation of retinal cell types that involves both intrinsic and extrinsic factors 
(Cepko, 1999; Perron and Harris, 2000; Harada et al., 2007; Agathocleous and Harris, 
2009). Specification events serve to bias a group of competent cells toward a limited 
number of fates, whereas commitment events restrict a group of specified cells toward a 
single cell fate, enabling differentiation of specialized cell types to then occur. 
Intrinsically, specification events are primarily mediated by transcription factors such as 
Pax6, Six3b and Foxn4 (Harada et al., 2007; Luo et al., 2012; Zaghloul et al., 2005).  Cell 
commitment to a neuronal lineage then requires the expression and function of 
neurogenic family transcription factors such as NeuroD4, Atoh7, Ap2α and NeuroD 
(Bassett et al., 2012; Luo et al., 2012; Zaghloul et al., 2005). Finally, differentiation 
involves the activity of additional factors such as the histone modifying factors Brg-1 and 
Histone deacetylase1(Gregg et al., 2003; Yamaguchi et al., 2005). Extrinsically, the 
Notch, Sonic Hedgehog, Fibroblast Growth Factor and Wnt signaling pathways have all 
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been shown to influence proliferation of the retinal progenitor cell population as well as 
the specification, commitment and differentiation of neuronal lineages within the 
vertebrate retina (Cepko, 1999; Martinez-Morales et al., 2005; Murali et al., 2005; Zhang 
and Yang, 2001). Gene regulatory network interactions between intrinsic factors and 
extrinsic pathways are complex; extrinsic signaling pathway activity often leads to 
changes in the expression or distribution of the intrinsic factors, while intrinsic regulators 
are capable of modulating the extrinsic signaling pathways (Luo et al., 2012; Yamaguchi 
et al., 2005).   
 
 Previously, we identified the intrinsic factor Id2a as a regulator of zebrafish 
retinal development (Uribe and Gross, 2010).  Id2a-deficient embryos were 
microphthalmic, yet retinal progenitors remained proliferative and failed to efficiently 
exit the cell cycle or terminally differentiate in Id2a-deficient retinae.   Id2a’s role in both 
of these processes was cell non-autonomous, indicating that Id2a function was required 
upstream of extrinsic regulators of retinal development. In the present study, we explore 
the cell non-autonomous role of Id2a further, and present data demonstrating that Id2a 
function is necessary and sufficient to limit Notch pathway activity during retinogenesis, 
thereby modulating retinoblast proliferation and terminal differentiation.  
 
 
 
 
 
58 
 
 
 
III.2. Results  
 
III.2.1. The Notch Pathway is upregulated in Id2a-deficient retinae 
  
 Id2a-deficient retinoblasts remain proliferative and fail to terminally differentiate. 
These defects result from a cell-non autonomous function of Id2a, indicating that Id2a 
acts upstream of extrinsic regulators of retina development (Uribe and Gross, 2010).  
These phenotypes are reminiscent of the effects of sustained Notch pathway activity on 
retinal development and therefore, we hypothesized that Notch pathway activity may be 
regulated by Id2a. To begin to test this hypothesis, Notch pathway activity was globally 
inhibited in Id2a-deficient embryos using the gamma-secretase inhibitor, DAPT (Geling 
et al., 2002).  Id2aMM and Id2aMO-injected embryos were treated with DMSO (vehicle 
control) or DAPT from 28-48hpf, subjected to a 30 minute BrdU pulse at 48hpf, and then 
immediately sacrificed and processed for BrdU immunohistochemistry.   As expected, 
Id2aMM control embryos treated with DMSO contained a low proportion of BrdU-
positive cells in their retinae (15%; Fig. III-1F), and these BrdU-positive cells were 
localized largely at the retinal peripheries (Fig. III-1A).  DMSO-treated Id2aMO retinae 
possessed a significantly higher proportion of BrdU-positive cells (53%, p=0.0004), and 
these were distributed ectopically throughout the central retina (Fig. III-1B,F).  Id2aMO 
retinae also contained significantly fewer cells than Id2aMM retinae, as previously shown 
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(Fig. III-1E) (p=.03) (Uribe and Gross, 2010). Treatment of Id2aMM embryos with 
DAPT decreased retinal cell number slightly, likely due to elevated apoptosis (Bernardos 
et al., 2005), but DAPT had no effect on BrdU incorporation (Fig. III-1C,F).  Treatment 
of Id2aMO embryos with DAPT however, rescued cell cycle exit defects (Fig. III-1D-F); 
Id2aMO retinae displayed a significant reduction in BrdU-positive cells centrally when 
compared to DMSO controls (28%; p=.0014), and proliferative cells were largely limited 
to the retinal periphery as in Id2a-MM controls (Fig. III-1D, F). In addition, total retinal 
cell number was significantly rescued (p=0.04), and comparable to that of Id2aMM-
DMSO controls (Fig. III-1E).  
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Figure III-1. DAPT inhibition of the Notch pathway rescues cell cycle exit defects in 
Id2a-deficient retinae.   
 
(A-D) Id2aMM and Id2aMO embryos treated with either (A,B) DMSO or (C,D) DAPT 
from 28-48hpf and pulsed with BrdU for 30 minutes prior to fixation.  Transverse retinal 
sections showing BrdU-positive cells at 48hpf.  Quantification of average cell number per 
retinal section (E) and the proportion of BrdU-positive cells per retinal section (F) at 
48hpf.  Nuclei are stained with Sytox, pseudo colored cyan.  Dorsal is up in all images. 
Error bars represent SEM, n=9; * p < 0.05, ** p < 0.005. 
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 Given that inhibition of the Notch pathway rescued cell cycle exit defects in Id2a-
deficient retinae, we were curious if inhibition would also be sufficient to restore the 
presence of terminally differentiated neurons in Id2a-deficient retinae.  To assay terminal 
differentiation, Id2aMM and Id2aMO embryos were treated with DMSO or DAPT from 
28-72hpf, and at 72hpf, immunohistochemistry for 5e11 was used to assay for the 
presence of terminally differentiated amacrine cells (Hyatt et al., 1996), or for Zpr1, 
which detects red/green cone cells (Larison and BreMiller, 1990).  As expected, DMSO-
treated Id2aMM retinae differentiated amacrine cells and red/green cones normally (Fig. 
III-2A-D); DAPT-treatment resulted in elevated cell death and retinal lamination defects 
in these embryos (Bernardos et al., 2005), but this had no impact on the terminal 
differentiation of amacrine cells or red/green cones (Fig. III-2F-I).  As expected, Id2aMO 
retinae treated with DMSO failed to differentiate amacrine cells and red/green cones (Fig. 
III-2J-M); however, when treated with DAPT, Id2aMO retinae exhibited a striking rescue 
of neuronal differentiation; both amacrine cells and red/green cones were present (Fig. 
III-2N-Q).  As with DAPT-treated controls, cell death was apparent and this lead to 
lamination defects in retinae from DAPT treated Id2aMO embryos, but the neurons 
nonetheless terminally differentiated.  These data indicate that inhibition of Notch 
pathway activity is sufficient to rescue proliferation and terminal differentiation defects 
resulting from a loss of Id2a function and suggests that elevated Notch pathway activity 
could underlie some of the cell non-autonomous effects of Id2a loss of function on 
retinogenesis.   
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Figure III-2. DAPT inhibition of the Notch pathway rescues terminal differentiation 
in Id2a-deficient retinae.  
 
Transverse retinal sections at 72hpf from Id2aMM-DMSO (A-D), Id2aMM-DAPT (F-I), 
Id2aMO-DMSO (J-M) and Id2aMO-DAPT (N-Q) embryos.  Embryos were treated with 
DMSO or DAPT from 28-72hpf.  Amacrine cells marked by 5e11 (A,F,J,N) and 
red/green cones marked by Zpr1 (C,H,L,P) fail to differentiate in Id2aMO retinas treated 
with DMSO (J), while in Id2aMO retinas treated with DAPT, both amacrine cells and 
red/green cones are detected (N,P).  Merged images show co-staining of retinal marker 
(red) and nuclei (Sytox-green; green). Dorsal is up in all images.     
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 To determine if Id2a levels influence Notch pathway gene expression, 
quantitative real-time PCR (qRT-PCR) was used to quantify the expression of Notch 
pathway genes in Id2aMM and Id2aMO retinae.   Here, retinae were isolated from 
Id2aMM and Id2aMO embryos at 48hpf and the expression levels of achaete-scute 
complex-like1a (ascl1a), notch1a (n1a), deltaA (dla), deltaC (dlc), hairy-related 4.1 
(her4.1) and hairy and enhancer of split 6 (hes6) was assessed.  In Id2aMO retinae, the 
expression of each of these factors was elevated over that in Id2aMM retinae (Fig. III-
3A; p < .05).  Moreover, in situ hybridization for ascl1a, n1a and dla demonstrated 
expanded expression domains at 48hpf in Id2aMO retinae when compared with Id2aMM 
controls (Fig. III-3B). These qRT-PCR data, in conjunction with the results of DAPT 
inhibition experiments, support a model in which Notch pathway activity is modulated by 
Id2a.   
 
III. 2.2.  Knockdown of Notch1a is sufficient to rescue proliferative and terminal 
differentiation defects in Id2a-deficient retinae 
 
 To directly examine epistatic interactions between Id2a and specific Notch 
pathway components, we utilized co-knockdown rescue experiments to determine if, in 
the absence of Id2a, removal of a specific Notch pathway component would also rescue 
cell cycle exit and/or terminal differentiation of retinal neurons.  We chose to focus on 
Notch1a, as its expression was elevated in Id2a-deficient retinae (Fig. III-3).  Zebrafish 
possess two paralogues (N1a and N1b) and during retinal neurogenesis n1a expression is 
concentrated near the apical surface of the retina, where Notch signaling activity is 
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predominately active (Del Bene et al., 2008).  Cell-cell interactions involving Delta 
ligands and Notch receptors activates the canonical Notch signaling pathway—this then 
up regulates the expression of members of the Hairy and Enhancer of Split (Hes) family 
and these then serve to inhibit the expression of proneural genes in order to inhibit 
differentiation (Bae et al., 2000; Perron and Harris, 2000). 
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Figure III-3. Notch pathway component gene expression is upregulated in Id2a-
deficient retinae.  
 
(A) qRT-PCR quantification of 48hpf dla, dlc, her4.1, hes6, n1a and ascl1a levels in 
Id2aMO and Id2aMM retinae. Fold change in expression in Id2aMO vs. Id2aMM was 
determined by normalizing to Ct value of tubulin alpha1 using the ΔΔCt formula.  Error 
bars represent SD, n=3 biological replicates.  (B) Whole mount in situ hybridization for 
ascl1a, notch1a and deltaA in Id2aMM and Id2aMO embryos at 48hpf.  Lateral and 
dorsal views shown, respectively.  
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 To first determine if elevated Notch1a expression contributes to the proliferation 
defects in Id2a-deficient retinae, co-knockdown of Id2a and Notch1a (Id2aMO/N1aMO) 
was performed, and resulting retinae were examined at 48hpf for the presence of pH3, a 
marker of late G2/M.   As shown previously (Uribe and Gross, 2010), Id2aMO retinae 
contained fewer pH3-positive cells when compared to Id2aMM retinae (Fig. III-4A,B,F 
p=0.015) and they were microphthalmic, containing significantly fewer cells than 
controls (Fig. III-4E; p=0.001).  N1aMO retinae exhibited no significant difference in the 
percentage of pH3-positive cells when compared to Id2aMM control (Fig. III-4C,F, 
p=0.62).  In the double knockdown condition, Id2aMO/N1aMO retinae recovered pH3 
levels to that of Id2aMM controls, exhibiting a significant increase in the percentage of 
pH3-positive cells over that in Id2aMO retinae alone (Fig. III-4D,F; p=0.02).  
Furthermore, average total cell number in Id2aMO/N1aMO retinae was significantly 
higher than that in Id2a morphants (Fig. III-4E; p=.003).  
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Figure III-4. Knockdown of Notch1a rescues retinoblast proliferation defects in 
Id2a-deficient retinae. 
 
(A-D) pH3 immunohistochemistry was used to quantify retinoblasts in late G2/M in 
transverse retinal sections from (A) Id2aMM, (B) Id2aMO, (C) N1aMO and (D) 
Id2aMO/N1aMO embryos at 48hpf.  Average total cell number per retinal section was 
determined for each condition (E), as well as the average percentage of pH3-positive cells 
per retinal section (F).  Dorsal is up in all images. Error bars represent SEM, n=9; * p < 
0.05, ** p < 0.005.   
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 We next investigated if terminal differentiation could also be rescued in 
Id2aMO/N1aMO knockdown retinae.  As above, immunohistochemistry was utilized to 
assay for the presence of differentiated amacrine cells and red/green cones. As expected 
at 72hpf, Id2aMO retinae lacked amacrine cells and red/green cones in comparison to 
Id2aMM controls (Fig. III-5A-H).  Although N1a morphants exhibited disrupted somite 
boundaries (data not shown), a phenotype previously reported in n1a mutant embryos 
(Amsterdam et al., 2004), terminal differentiation of amacrine cells and red/green cones 
appeared unaffected in N1aMO retinae (Fig. III-5I-L, Gross et al., 2005). Examination of 
terminal differentiation in Id2aMO/N1aMO retinae revealed a striking rescue of both 
amacrine cells and red/green cones (Fig. III-5M-P), indicating that a reduction in Notch 
pathway activity, via loss of Notch1a, is sufficient to restore the presence of terminally 
differentiated neurons in an Id2a-deficient retina.   
  
 That Notch pathway genes were upregulated in Id2a-defcient retinae and 
pharmacological or N1aMO-mediated inhibition of Notch pathway activity rescued 
proliferation and terminal differentiation defects in Id2a morphants suggests that Id2a 
activity is necessary to limit Notch pathway activity during retinal development.  To 
further test this, we next determined if Id2a was sufficient to restrict the expression of 
Notch pathway genes during retinal neurogenesis.  Examining a subset of the Notch 
pathway genes upregulated in Id2a-deficient retinae, qRT-PCR demonstrated that the 
transcript levels of n1a, ascl1a, dla and her4.1 were each significantly reduced in retinae 
isolated from id2a-overexpressing embryos at 33hpf, when compared to levels in gfp-
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injected controls (Fig. III-6Q; p < .05).  Spatially, while there was no observable change 
in the distribution of n1a in id2a-injected retinae when compared to controls (Fig. III-6A-
D), the expression domains of ascl1a, dla and her4.1 were all more restricted in id2a-
injected retinae relative to controls (Fig. III-6E-P).  ascl1a was enriched at the retinal 
margins in control embryos, and also observed throughout much of the central retina 
(Fig. III-6E,G), while in id2a-overexpressing embryos, ascl1a was absent from much of 
the central retina (Fig. III-6F,H). dla was localized throughout the control retina, and 
concentrated at the apical surface (Fig. III-6I,K), whereas in id2a retinae, dla expression 
was less pronounced within the central retina (Fig. III-6J,L).  Finally, in control retinae 
the distribution of her4.1 was sharply confined to the peripheral zones (Fig. III-6M,O), 
while in id2a-overexpressing retinae, her4.1 expression was barely detectable (Fig. III-
6N,P). These observations indicate that Id2a is sufficient to restrict the expression of 
Notch pathway genes during retinal development and when combined with the Notch 
pathway inhibition experiments, they support a model in which Id2a functions to limit 
Notch pathway activity during retinal development.     
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Figure III-5. Knockdown of Notch1a rescues terminal differentiation of retinal 
neurons in Id2a-deficient retinae. 
 
Transverse retinal sections from Id2aMM (A-D), Id2aMO (E-H), N1aMO (I-L) and (M-
P) Id2aMO/N1aMO embryos at 72hpf assayed for 5e11 expression (amacrine cells) or 
Zpr1 expression (red/green cones).  Merged images show co-staining of retinal marker 
(blue) and nuclei (Sytox-green; green).  Dorsal is up in all panels. 
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Figure III-6. id2a-overexpression is sufficient to limit the retinal expression of Notch 
pathway component genes.  
 
Whole mount in situ hybridizations for n1a, ascl1a, dla and her4.1 transcripts at 33hpf in 
gfp-injected control (A,E,I,M) and id2a-overexpressing (B,F,J,N) embryos.  Transverse 
sections of  gfp-injected control (C,G,K,O) and id2a-overexpressing (D,H,L,P) embryos. 
In whole mounts, dorsal views of the embryos are shown, and dorsal is up in all sections. 
(Q) RT-qPCR quantification of ascl1a, n1a, dla and her4.1 levels in id2a retinas 
compared to gfp control retinas at 33hpf.  Fold change in expression in Id2a-injected vs. 
GFP-injected retinas was determined by normalizing to Ct value of tubulin alpha1 using 
the ΔΔCt formula. Error bars represent SD, n=3 biological replicates. 
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III. 3. Discussion 
 
 The timing and distribution of Notch pathway activity is fundamental in dictating 
the choice between proliferation and neurogenesis during retinal development.  Notch 
pathway activity maintains retinal progenitor cells in a proliferative state in order to 
ensure that there are sufficient numbers of progenitors available for successive waves of 
retinal neurogenesis (Henrique et al., 1997; Cepko, 1999; Jadhav et al., 2006a).  In mice, 
sustained Notch activity within retinal progenitor cells leads to an upregulation of 
multiple “progenitor” genes, such as Notch1, Fgf15 and Ccnd1 (Jadhav et al., 2006a), and 
this correlates with the maintenance of a proliferative progenitor state.  In contrast, when 
Notch signaling activity is ectopically induced in newly post-mitotic retinal cells, cells 
ultimately adopt a glial cell fate, demonstrating that temporal control of Notch activity is 
also critical during retinal development (Jadhav et al, 2006a).  In the zebrafish retina, 
ectopic expression of a constitutively active Notch1a variant impairs neuronal 
differentiation; retinal progenitor cells either differentiate into glia or remain 
undifferentiated and eventually undergo apoptosis (Scheer et al., 2001).  Conversely, 
Notch inhibition causes retinoblasts to prematurely exit the cell cycle and differentiate 
into early born retinal cell types (Bernardos et al., 2005). Notch signaling is also localized 
in an apical (high) to basal (low) gradient within the zebrafish retinal neuroepithelium 
and this influences cell cycle exit and neurogenesis of retinoblasts as they undergo 
interkinetic nuclear migration (IKNM) during retinal development (Del Bene et al., 
2008).  
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 Our previous study demonstrated that Id2a levels modulated retinoblast cell cycle 
kinetics and that Id2a was required for the terminal differentiation of late born retinal cell 
types, phenotypes reminiscent of enhanced Notch activity. Indeed, mosaic analyses 
revealed that these roles were cell non-autonomous, indicating that Id2a functions 
upstream of extrinsic regulators of retinal development (Uribe and Gross, 2010).  In the 
present study, we expanded on these observations and our data support a model in which 
Id2a function is required to limit Notch pathway activity during retinal development.  The 
Notch ligand genes dla and dlc; the Notch receptor gene n1a; and the Notch pathway 
target genes ascl1a, her4.1 and hes6 were all significantly upregulated in retinae lacking 
Id2a.  Conversely, the expression levels of ascl1a, n1a, dla and her4.1 were down 
regulated in retinae overexpressing id2a.  dla, dlc and n1a are expressed in a graded 
fashion along the apical-basal axis within the zebrafish retinal neuroepithelium and this 
graded localization is thought to dictate the level of Notch signaling a retinoblast is 
exposed to during IKNM (Del Bene et al., 2008). Dll1, orthologous to zebrafish dla, is 
expressed in chicken retinoblasts (Nelson and Reh, 2008; Nelson et al., 2009), and its 
ectopic expression prevents retinal progenitor cells from differentiating (Henrique et al., 
1997). Regulated expression of each of these factors is therefore critical to control the 
balance between proliferation and differentiation in retinoblasts, and this balance is 
disrupted in Id2a-deficient retinae.   
 
 While the inverse relationship between Id2a levels and Notch pathway 
components was not surprising, upregulation of hes6 in Id2a-deficient retinae was, given 
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that Hes6 is typically associated with proneural activity (Bae et al., 2000; Koyano-
Nakagawa et al., 2000).  For example, in mouse retinal explants, ectopic expression of 
Hes6 during late phases of retinogenesis causes retinal cells to predominately 
differentiate into rod photoreceptors, by overcoming Hes1-mediated repression of 
neurogenesis and thus this biases retinoblasts towards neuronal fates (Bae et al., 2000).   
While we observed increased hes6 expression in Id2a-deficient retinae, Id2a-deficient 
retinae lack nearly all neurons and Müller glia, indicating that this upregulation didn’t 
result in a proneural bias.  Given the significant upregulation of other Notch pathway 
components and antagonistic interactions between these factors, it could be that the 
increase in hes6 expression was not sufficient to overcome the overall net increase in 
Notch pathway activity within Id2a-deficient retinae, and thus, retinoblasts remained 
proliferative. Hes6 itself has also recently been identified as a regulator of cell 
proliferation in glioma cells (Happa-Paananen et al., 2012), and thus it could also feasibly 
function as a contributor to the overall enhanced proliferative state of Id2a-deficient 
retinoblasts.   
 
 Pharmacological inhibition of Notch pathway activity rescued both proliferation 
and differentiation defects in Id2a-deficient retinae, as did knockdown of Notch1a 
expression, suggesting that upregulation of Notch pathway activity contributes to the 
retinoblast proliferation and differentiation defects in Id2a-deficient embryos.  In Id2a-
deficient retinae, we previously discovered that crx expression was absent and cone 
photoreceptors failed to differentiate (Uribe and Gross, 2010). Notch1 functions to 
suppress cone photoreceptor fates, at least in part, by suppressing the expression of key 
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transcription factors required for their genesis, such as crx (Yaron et al., 2006).  It could 
be that elevated Notch1a levels within Id2a-defcient retinae inhibit the expression of 
genes required for photoreceptor cell specification and differentiation, therefore 
abolishing photoreceptor production.  In support of this model, we found that knockdown 
of Notch1a in Id2a-deficient retinae was sufficient to fully restore cone photoreceptor 
production. Although our data do not rule out the possibility that Id2a and Notch function 
within parallel pathways regulating retinoblast proliferation and differentiation, the 
transcriptional changes in Notch pathway gene expression occurring as a result of 
modulating Id2a levels lead us to favor a model in which Id2a acts upstream of the Notch 
pathway in a common gene regulatory network governing retinogenesis, where Id2a 
serves to limit Notch pathway activity.    
    
 How would Id2a regulate Notch pathway gene expression in such a network? If 
Id2a directly regulates the pathway, given that Ids do not directly bind to DNA, Id2a’s 
effect would have to be achieved by antagonizing a regulatory factor that ultimately 
functions to positively drive the expression of Notch pathway genes.  We do not know to 
what factors Id2a binds in the zebrafish retina; however, Id3, an Id family member, is 
known to regulate the expression of Notch1 in developing T cells and it is thought that 
this occurs by Id3 binding to members of the bHLH complex E2A, a heterocomplex of 
E12 and E47, thereby antagonizing E2A formation and its ability to activate notch1 
expression (Yashiro-Ohtani et al., 2009).  Id2 can bind to and sequester E12 and E47 
proteins in fibroblasts, thereby modulating the expression of cell cycle regulators, 
indicating that Id2 has the capacity to inhibit E2A heterocomplex formation (Trabosh et 
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al., 2009). Id2a could also sequester the bHLH protein Ascl1a, a Notch pathway target 
gene itself, which functions to activate the expression of delta-like and other Notch 
pathway targets in the retina (Nelson et al., 2009). Indeed, numerous factors have been 
shown to regulate Notch pathway gene expression, both transcriptionally and post-
transcriptionally, and may of these also represent possible candidates for Id2a 
antagonism.  For example, in mouse and chicken neuroepithelia, Notch1 and Dll1 
transcripts are expressed in a cell cycle dependent manner (Cisneros et al., 2008), and in 
mouse neuroepithelial cell lines and knockouts, they are stabilized during M-phase via 
interaction with Elavl1/HuR (Garcia-Dominguez et al., 2011).   In any of these scenarios, 
Id2a would serve to antagonize the function of an immediate upstream regulator of Notch 
pathway gene expression and thereby exert its influence on Notch pathway gene 
expression and activity.  Importantly however, direct Id-Notch regulatory interactions are 
also likely to be tissue specific as, for example, in olfactory bulb development Id2 is 
required for dopaminergic neuron specification and Id2 knockouts possess decreased 
levels of Hes1 and Ascl1in their olfactory bulbs (Havrda et al., 2008).  Thus, Id-
dependent antagonism is likely context dependent and determined by the interacting 
factors present in the Id-expressing tissues (i.e. whether Ids are antagonizing positively 
acting or negatively acting factors that then regulate Notch pathway gene expression in 
this context dependent manner). 
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Chapter IV 
 
RNA-seq analysis reveals genes whose expression level depends upon Id2a function 
 
  
 Id2 is a helix-loop-helix factor incapable of directly binding DNA; rather, it 
heterodimerizes with a variety of transcription factors and transcriptional regulators 
thereby influencing expression of downstream targets (Benezra et al., 2001; Jogi et al., 
2002).  Thus its function in influencing Notch activity, if direct, must be mediated by 
some unidentified binding partners.  It is also possible that Id2a-dependent regulation of 
the Notch pathway is indirect, whereby it regulates the expression of an intermediate 
factor and/or pathway that then regulates Notch pathway activity. In an attempt to gain a 
global view of gene expression changes that occur as a result of Id2a deficiency in the 
retina, I next utilized RNA-sequencing (RNA-seq) and compared gene expression levels 
between Id2aMO and Id2aMM retinae in hopes of identifying indirect pathways 
potentially affected by Id2a. Data analysis and statistical evaluation of datasets were 
performed by Taejoon Kwon and Edward Marcotte (UT Austin).   
 
 Experimentally, RNA was isolated from retinae dissected from 48-50hpf Id2aMM 
or Id2aMO injected embryos and utilized for Illumina sequencing to quantify transcript 
abundance in either condition (Fig. IV-1A). Averaging two biological replicates from 
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each condition, Id2aMM control retinae yielded an average of 104,297,435 reads and 
Id2aMO retinae yielded an average of 107,793,633 reads.   These reads were mapped to 
all known zebrafish cDNA sequences (data not shown; available through Gene 
Expression Omnibus database online, Accession number GSE38786), and differentially 
expressed (DE) genes between Id2aMM and Id2aMO retinae were identified from these 
mapped reads (Figure IV-1B).  Setting a threshold for differential expression of a two 
fold change (Log2FC) with significance of p<0.05, 1,914 DE genes were identified (Fig. 
IV-1B and D; Gene Expression Omnibus database online, Accession number 
GSE38786).   
 
 Among the down regulated genes, factors involved in retinal neuron 
differentiation and function exhibited the most dramatic reduction in expression (Fig. IV-
1C).  These included genes that encode for retinal photoreceptor cell proteins such as 
Rhodopsin (rho), Opsin 1 medium-wave-sensitive (opn1lw2), Arrestin3a (arr3a) and S-
antigen; retina and pineal gland b (sagb) (Fig. IV-1C). This is not surprising given the 
lack of terminally differentiated neurons in Id2aMO retinae and served as an excellent 
internal control for the RNA-Seq approach and DE analyses.  Numerous other genes of 
interest were noted within the DE down regulated list; for example, several that encode 
proteins functioning in signaling pathways that feed into the cell cycle such as Cyclin 
dependent kinase inhibitor 1b (p27) (cdkn1b), Adenomatosis polyposis coli (apc) and 
Mitogen-activated kinase 10 (mapk10) (data not shown-available through Gene 
Expression Omnibus database online, Accession number GSE38786). 
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 Upregulated in Id2a-deficient retinae were also a number of interesting genes and 
pathways.  For example, several genes encoding proteins involved in cell cycle 
progression were upregulated in Id2a-deficient retinae, and these included Cyclin D1 
(ccnd1), Cyclin G1 (ccng1), Cyclin dependent kinase 6 (cdk6), Checkpoint homologue 2 
(chek2), S-phase kinase-associated protein 2 (skp2) and Cyclin dependent kinase inhibitor 
1a (cdkI1a) (Fig. IV-7C). The increase in cell cycle pathway components was also not 
surprising given Id2a’s role in modulating retinoblast cell cycle progression (Uribe and 
Gross, 2010), however the RNA-seq data greatly expands the list of known cell cycle 
regulatory genes affected by Id2a loss and should provide excellent candidates for further 
study.  In addition, several Wnt pathway components were also upregulated. The Wnt 
pathway is known to regulate the proliferative state of retinoblasts as well as their 
neurogenic potential (Kubo et al., 2005; Agathocleous et al., 2009). Transcripts encoding 
R-spondin homologue (rspo1), Frizzled 6 (fzd6) and Transcription factor 7-like 1b 
(tcf7l1b) were enriched in Id2a-deficient retinae (Fig. III-7C).  Rspo1 is a secreted Wnt 
pathway agonist (Carmon et al., 2011), while Fzd6 is a Wnt receptor (Katoh, 2008) and 
Tcf7l1b (formerly known as Tcf3b) is a downstream mediator of the Wnt pathway 
(Amoyel et al., 2005). qRT-PCR validation of the RNA-seq dataset for a subset of the DE 
genes (ccnd1, cdk6, skp2, cdkI1a, fzd6, rspo1 and tcf7I1b) indicated that Id2a-deficient 
retinae exhibited elevated transcript levels over those of Id2a-MM controls and supported 
the validity of the DE dataset (Fig. IV-1E; p < .05).   
 
 Classification of the DE genes according to Gene Ontology (GO) terminology via 
the DAVID pathway enrichment (PE) program identified various pathways and 
80 
biological processes altered in Id2a-deficient retinas (Figures IV-2 and IV-3; data not 
shown available through Gene Expression Omnibus database online, Accession number 
GSE38786).  For those genes down regulated in Id2a-deficient retinae, enriched 
pathways included the biological processes of ‘calcium ion binding’, ‘plasma membrane’, 
‘ion transport’ and ‘cell adhesion’ (Figure IV-2).  Amongst the up regulated genes, 
enriched pathways included ‘RNA processing’, ‘nitrogen compound biosynthesis’, 
‘nucleotide biosynthesis’, ‘p53 signaling pathway’, ‘cell cycle’ and ‘DNA replication’ 
(Figure IV-3).  In all, the PE analyses revealed a number of potentially interesting 
pathways as being influenced downstream of Id2a function during retinogenesis, and as 
such, these identified pathways and genes should serve as excellent candidates for future 
studies to determine how Id2a mediates proliferation and differentiation during 
retinogenesis. 
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Figure IV-1. RNA-Seq analysis of differential retinal gene expression resulting from 
Id2a-deficiency.   
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(A) Schematic of RNA-Seq experiment.  Whole retinas were dissected from Id2aMM and 
Id2aMO embryos, their lenses removed and total retinal RNA was extracted and used for 
Illumina sequencing. ~110 million Illumina reads were obtained for each condition, and 
the experiment was repeated in two biological replicates for each condition (see Materials 
and Methods for details).  (B) The number of reads per each transcripts was normalized 
with total number of mapped reads and transcript length, converting all raw read counts 
to ‘number of reads per 1,000 bases per 100 million reads’ (RPK100M). ‘100 million 
reads’ were chosen to get positive values of log10-transformed normalized values.  A 
scatter plot shows the correlation between Id2aMO and Id2aMM control normalized 
reads (Spearman = 0.95). Differentially expressed transcripts with fold changes greater 
than 2 are indicated with red dots.  (D) Volcano plot illustrating that out of 42,389 
mapped transcripts, 1,914 were significantly differentially expressed (DE), p <0 .01 (red 
dots), and of those 962 were highly significant, with an adjusted p-value < 0.0001 (blue 
dots).  (C) A table depicting representative genes that exhibit significant changes in gene 
expression between Id2aMM and Id2aMO retinas; genes were categorized based upon 
known pathways and are color-coded. (E) qRT-PCR validation of RNA-Seq data for a 
subset of DE genes. Fold change in the transcript levels of ccnd1, cdk6, skp2, cdkn1a, 
fzd6, rspo1 and tcf7l1b in Id2aMO retinae compared to Id2aMM retinae at 48hpf.  Fold 
change in expression was determined by normalizing to Ct value of tubulin alpha1 using 
the ΔΔCt formula. Error bars represent SD, n=3 biological replicates. 
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Figure IV-2.  Pathway Enrichment Analyses reveals the most highly down regulated 
genes categorized by biological process, molecular function and cellular component. 
 
The p-value and gene count within each category is shown. 
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Figure IV-3. Pathway Enrichment Analyses reveals the most highly up regulated 
genes categorized by biological process, molecular function and cellular component. 
 
The p-value and gene count within each category is shown. 
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Discussion 
 
 Downstream factors or pathways whose expression or activity depends on Id2a 
function could mediate the regulatory network interactions between Id2a and the Notch 
pathway in an indirect fashion. With this in mind, and to gain insight into gene 
expression changes resulting from loss of Id2a function, we utilized a novel RNA-Seq 
approach to quantify differentially expressed genes between Id2aMO and Id2aMM 
retinae.  Using this method, we were able to identify numerous genes and biological 
pathways affected downstream of Id2a that could function to mediate the regulatory 
network interactions between Id2a and the Notch pathway. Upregulated genes belonging 
to the ‘cell cycle’ and ‘DNA replication were identified (Fig. IV-1, Fig. IV-3), and down 
regulated genes involved in the processes of ‘calcium ion binding’, ‘ion transport’, ‘cell 
adhesion’ and ‘ion channel activity’ were identified, among others (Figure IV-2).   
 
 The identification of the Cell cycle pathway as being influenced downstream of 
Id2a correlates well with the proliferative defects in Id2a-deficient retinoblasts (Uribe and 
Gross, 2010) and with the Id2a-dependent upregulated Notch pathway activity described 
here. ccnd1, ccng1, cdk6, skp2, cdkn1a and chek2 were all significantly enriched within 
Id2a-deficient retinae, while cdkn1b was down-regulated.  Many of these factors have 
been shown to influence, or be influenced by, Notch pathway activity (e.g. Sarmento et 
al., 2005; Bienvenu et al., 2010; Ronchini and Capobianco, 2001).  Of particular interest 
in this group is Cyclin D1; in addition to its well-characterized role in regulating cell 
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cycle progression, it also possesses a transcriptional activator role and positively 
regulates Notch1 expression in the retina (Bienvenu et al., 2010).  The Notch pathway 
feeds into positive regulation of CyclinD1 expression, which then maintains a 
proliferative and undifferentiated state (Ronchini and Capobianco, 2001).   
 
 Id2a-dependent regulation of cell cycle progression itself could also contribute to 
the elevated Notch pathway activity in Id2a-deficient retinae.  Skp2, S-phase kinase-
associated protein 2, is an important regulator of cell cycle maintenance because it 
promotes the degradation of p21, p27 and p57 proteins, which promote cell cycle exit 
(Chan et al., 2010).  Skp2 expression can be activated directly by Notch signaling 
(Sarmento et al., 2005) and by E2F transcription factors (Chan et al., 2010), and thus 
elevated Skp2 levels would maintain Id2a-deficient retinoblasts in a proliferative state.   
  
 Moreover, as discussed above, in the zebrafish retinal neuroepithelium there is an 
apical to basal gradient of Notch activity, and during IKNM, progenitor nuclei are 
exposed to Notch-dependent neurogenic versus proliferative signals based on their 
location within each proliferating retinoblast (Del Bene et al, 2008).  Id2a-deficient 
retinoblasts progress through the cell cycle more slowly, with S to M phase progression 
significantly delayed (Uribe and Gross, 2010).  While we haven’t quantified IKNM in 
Id2a-deficient retinae, it is possible that the delay in S to M phase progression manifests 
as a prolonged IKNM of Id2a-deficient neuroblast nuclei, and in this scenario, Id2a-
deficient retinoblast nuclei would spend longer periods of time apically and thus be 
exposed to a higher duration of Notch signaling, resulting in the maintenance of a 
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progenitor state.  It will be of interest to quantify IKNM in Id2a-deficient embryos, and 
also analyze neuroepithelial cell shapes, as experimental enlargement of the apical 
domain of retinoblasts is sufficient to alter the balance between proliferation and 
differentiation via enhanced exposure to Notch activity apically during IKNM (Clark et 
al., 2012), and ‘cell adhesion’ genes were significantly downregulated in Id2a-deficient 
retinae.   
  
 Wnt pathway gene expression was upregulated in Id2a-deficient retinae; rspo1, 
fzd6 and tcf7l1b were all expressed at higher levels than in control retinae.  The Wnt 
pathway is a key regulator of retinogenesis (Kubo et al., 2005), and in Xenopus, ectopic 
activation of the Wnt pathway inhibits retinal neuron differentiation and maintains the 
retinal progenitor pool by activating Notch signaling, indicating that there is crosstalk 
between the Wnt and Notch pathways to regulate proliferation and differentiation events 
in the retina  (Agathocleous et al., 2009). Rspo1 is a secreted positive regulator of Wnt 
signaling events, but has not yet been implicated in retinal development (MacDonald et 
al., 2009, Carmon et al., 2011).  It is thought that Rspo1 synergizes Fzd and LRP receptor 
interactions with Wnt ligands in order to enhance downstream Wnt signaling events 
(MacDonald et al., 2009). The Wnt pathway has been shown to separately influence the 
cell cycle dynamics of proliferative progenitors (Jadhav et al., 2006a; Kubo et al., 2005; 
Agathocleous et al., 2009). The Wnt pathway also activates Cyclin D1 transcription 
(Megason and McMahon, 2002; Yamaguchi et al., 2005), contributing to cell cycle 
progression, and also potentially contributing to enhanced Notch pathway gene 
expression via its transcriptional role (Bienvenu et al., 2010).  
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 In summary, the data described here in this dissertation support a model in which 
Id2a, an intrinsic regulator of retinogenesis, acts upstream of the Notch pathway to 
regulate the balance between proliferation and differentiation during retinogenesis.  
Alterations in Id2a levels result in prolonged S to M phase progression during the 
retinoblast cell cycle and a lack of terminal differentiation of retinal neurons and glia.  
Notch pathway gene expression is inversely correlated with Id2a levels, and blocking 
Notch pathway activity pharmacologically or by targeting the Notch 1a receptor rescues 
both proliferation and differentiation defects in Id2a-deficient retinae.  Analysis of global 
gene expression changes resulting from Id2a deficiency revealed that a number of 
regulatory pathways involved in modulating retinoblast proliferation and differentiation 
were affected by loss of Id2a, and several of these have known interactions with the 
Notch pathway.  Future studies analyzing these pathways, their dependence on Id2a and 
their downstream effects on Notch activity will continue to shed light on how the balance 
between proliferation and differentiation is maintained in the retina in order to form a 
retina of proper size and cell type composition.     
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Chapter V 
Future directions 
 
 
V.1.  Summary 
 While much has been learned regarding the neuronal organization of the retina 
and the temporal aspects of neurogenesis, the cell and molecular mechanisms mediating 
these processes remain elusive. The timing of retinal progenitor proliferation, 
specification, commitment and subsequent differentiation are tightly regulated and 
depend upon both extrinsic and intrinsic control.  How extrinsic and intrinsic regulatory 
pathways are linked has not been well elucidated. The Id family of helix-loop-helix 
proteins has been implicated as critical for the control of cell cycle progression and 
cellular differentiation in various tissues and cell lines making these ideal candidates for 
mediating these processes in the vertebrate retina.  In this study, I established a functional 
role for Id2a in modulating retinal progenitor cell progression from proliferation to 
differentiation during vertebrate retinogenesis. Furthermore, I discovered that Id2a 
function is critical to limit the distribution and level of Notch pathway component 
expression, and therefore activity, during retinogenesis.  The results of these studies are 
significant because they enhance our understanding of the mechanisms regulating 
differentiation of retinal neurons in vivo. 
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V.2 Id2, the cell cycle and beyond 
  
 Id family proteins influence the proliferative state and cell fate outcomes of 
progenitor cells during development.  Single knockout of Id1 or Id3 does not lead to 
obvious developmental changes in mice (Yokota, 2001).  However, Id1-/-Id3-/- tissues 
exhibit defects in proliferation and differentiation (Lyden et al., 1999).   For instance, the 
developing brain deficient in Id1 and Id3 exhibits alterations in the ratio of differentiated 
cells to proliferative progenitors, where there is a reduction in the number of proliferative 
cells at the expense of differentiated cells (Lyden et al., 1999).  Indeed, this reduction 
correlates with increased p27kip1 expression, decreased proliferative marker expression 
and an overall decrease in brain size due to progenitor pool depletion.  These results 
suggest that the combined functions of Id1 and Id3 act redundantly to control brain size 
and the timing of neuron birth.  In contrast, single knockout of Id4 leads to severe 
malformations in brain patterning, where the thalamus and hypothalamus are 
disorganized and reduced in size (Bedford et al., 2005).  The neocortex of Id4 knockout 
mice display premature increases in the number of early born neurons, indicating that Id4 
influences the timing of neural differentiation in the developing brain.  In Id2 knockouts, 
defects in the developing immune system have been extensively analyzed. Id2 knockout 
mice lack lymph nodes, natural killer cells and display defects in B cell development 
(Yokota et al., 1999).  The phenotypic defects observed in these tissues are hypothesized 
to be mainly due to a loss of Id2’s direct role in influencing cell fate decisions (Yokota, 
2001), however Id2 loss also results in disruptions in proliferation and differentiation 
within the mammary gland (Mori et al., 2000).  Id2-deficient mammary glands fail to 
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lactate during pregnancy and this is due to the fact that mammary epithelial cells fail to 
proliferate and the gland remains immature, thus within mammary epithelial cells Id2 is a 
pivotal protein required to regulate proliferation.  In this dissertation study, I discovered 
that Id2a is required for timely retinoblast cell cycle progression and that this directly 
impacts the growth and differentiation of the retina.  Collectively, all of these studies 
have taught us that Id proteins modulate progenitor proliferation within various cell 
types, but they also highlight the importance of Id function during differentiation. These 
studies suggest the Ids are critical factors the developing embryo uses to fine-tune the 
balance between proliferation and differentiation—through the modulation of cell cycle 
progression and by sequesterization of bHLH proteins that influence cell fate decisions.  
 
 The role of Id2 cell cycle progression has been extensively analyzed in numerous 
cell types (Lasorella et al., 200).  In human glioma and osteosarcoma cell culture lines, 
Id2 binds pRb and related proteins p107 and p130 in order to overcome cell cycle arrest 
(Lasorella et al., 1996) and overexpression of Id2 is associated with decreased activation 
of cyclin D1 transcription, suggesting that Id2 plays an important role during S phase 
progression.  In further support of this notion, Id2 has been shown to be critical for 
sustained proliferation in neuroblastoma cells downstream of the oncogene N-Myc 
(Lasorella et al. 2002).  Here, an “N-Myc-Id2” pathway promotes the proliferation of 
neuroblastoma cells, and in embryonic fibroblasts, as Id2-null fibroblasts exhibit a 
reduced ability to proliferate.  In neural cells, E proteins and Id2 antagonistically function 
to regulate S phase progression (Rothschild et al., 2006).  While E proteins function to 
inhibit S phase progression, Id2 function promotes it by inhibiting the activation of 
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p57kip2 expression.  In the experiments within this dissertation study, I found that Id2a 
loss led to the increased expression of various cell cycle regulatory components within 
the zebrafish retina, particularly those involved in S-phase progression and checkpoint 
control, indicating that Id2a functions to promote S-phase transition.  Cell cycle assays 
also revealed that the increase in component expression correlated with cell cycle kinetic 
phenotypes; Id2a deficiency increased S to M phase transition time, leading to less 
retinoblast divisions and a smaller retina, while Id2a overexpression shortened the S to M 
phase transition time, leading to more retinoblast divisions and a larger retina than 
control.   
 
  From all these studies, it is clear that Id2 plays a key role in regulating S phase 
progression in numerous cell types.   Within zebrafish retinoblasts, it would be of interest 
to examine whether modulation of Id2a levels affects the protein abundance or 
localization of key cell cycle regulatory components, such as Cyclin D1, p57kip2, 
p27kip1 and pRb.  This information would provide evidence to further support the model 
that Id2a can influence the cell cycle by modulating the cell cycle component 
availability/localization.  This can be analyzed using antibodies directed towards these 
cell cycle effectors either using western blot analyses or immunohistochemistry.  
Transgenic versions of the cell cycle regulatory proteins tagged with fluorescent proteins 
could be engineered and expressed in vivo within developing zebrafish embryos, which 
would allow real time analyses of such putative interactions.  Such a feat would not be 
unfeasible.  Further, it would be of interest to test if loss of Cyclin D1 is sufficient to 
rescue the proliferative and/or terminal differentiation defects observed in Id2a-deficient 
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retinas.  As shown in this dissertation study, loss of Id2a results in the upregulation of 
ccnd1 expression in the zebrafish retina.  In mice, loss of Cyclin D1 leads to a 
hypocellular retina, which is composed of early born retinal cell types (Das et al., 2009).  
In zebrafish, Cyclin D1 deficiency also decreases retinal size, however examination of 
retinal cell type composition has not been analyzed in these embryos (Duffy et al., 2005).  
Examination of the retina following knockdown of Cyclin D1 and co-knockdown of Id2a 
and Cyclin D1 would help to clarify whether the relationship between Id2a and Cyclin 
D1 is physiologically relevant.   
 
 Alternatively, to further examine the relationship between Id2a and Cyclin D1, 
one could also indirectly block Cyclin activity.  Cyclin D1 peaks in expression during 
late G1 and is sustained throughout S phase until it is restricted, most notably, through 
the functions of Cyclin Kinase inhibitors (CKI), like p57kip2 (Alberts et al., 2008). To 
test the hypothesis that forced expression of CKI is sufficient to rescue proliferative and 
differentiation defects in Id2aMO retinas, ectopic clonal expression of p57kip2 in an 
Id2a-deficient background could be utilized.  Experimentally, one would utilize a 
construct that drives the expression of p57kip2-IRES-GFP under the control of a heat 
shock (hs) inducible promoter, thereby driving the expression of both GFP and p57kip2. 
This plasmid could be injected into the 1 cell stage embryo along with either the Id2aMO 
or control Id2aMM.  The heat shock inducible promoter could be induced during early 
retinogenesis stages and the effect of clonal p57kip2 expression on cell proliferation and 
neuron differentiation can be assayed using immunhistochemistry. This system also then 
allows one to assess if rescue is cell autonomous or non-autonomous.  Importantly, these 
94 
experiments will further expand our knowledge of the mechanisms underlying the 
balance between proliferation and differentiation during retinogenesis and would provide 
a mechanistic link between Id2a and the cell cycle during retinal development.   
 
 
 Not surprisingly, the cell utilizes various mechanisms to regulate the mRNA and 
protein localization of Id2 in order to modulate such processes as cell cycle progression 
and axon growth.  For instance, Id2 expression is directly inhibited by the transcription 
factor p53 in neural progenitor cells (Paolella et al., 2011).  Neural progenitor cells that 
lack p53 contain elevated levels of Id2 and loss of Id2 rescues the proliferative and self-
renewal defects observed in p53-deficient neural progenitor cells (Paolella et al., 2011), 
suggesting that Id2 normally antagonizes p53 mediate cell cycle regulation.  The protein 
stability and localization of Id2 is also tightly regulated.  The actin-associated protein 
enigma homologue ENH sequesters Id2 into the cytoplasm (Lasorella et al., 2006a).  
Interestingly, this interaction is mediated via LIM domains contained within ENH and 
upregulation of ENH causes the translocation of Id2 from the nucleus to the cytoplasm, 
where it is prevented from influencing the cell cycle, among other events (Lasorella et al., 
2006a).  As another example, Receptor Activator of NF-κB ligand, RANKL, stimulates 
proliferation by dictating Id2 subcellular localization (Kim et al., 2006).  RANKL 
stimulation leads to the nuclear compartmentalization of Id2 protein and a 
downregulation of p21 promoter activity, leading to enhanced proliferation.  Finally, the 
Anaphase promoting complex (APC) has been shown to regulate Id2 protein stability in 
developing neurons (Lasorella et al., 2006b).  This complex functions to restrain axon 
95 
growth normally during development; Id2 interacts with core components of the complex 
and they target Id2 for degradation via a destruction box motif (D box) within Id2.  Id2 
reduction results in the accumulation of Nogo, a transducer of myelin inhibition, and thus 
this links degradation of Id2 with inhibition of axon outgrowth (Lasorella et al., 2006b).  
 
 Id expression has been shown to fluctuate with the cell cycle state of the cell, 
suggesting that intrinsic mechanisms exist within the cell to regulate Id availability 
during the cell cycle (Benezra et al., 2003).  Id1, Id2 and Id3 levels increase (Hara et al., 
1994) and Id2 is phosphorylated by the Cdk2 complex (Hara et al., 1997) during the G1-
S phase transition.  Phospho-ablation Id2 leads to striking alterations in its ability to enter 
the nucleus and this correlates with a decrease in cellular proliferation and an increase in 
apoptosis within myoblasts (Butler et al., 2009), suggesting that nuclear localization of 
Id2 is key to its proliferative influence.  These results further suggest that the 
phosphorylation state of Id2 alters its antagonistic capabilities.  It would be of great 
interest to further examine whether Id2a localization, phosphorylation state and/or 
stability is regulated during retinal development in similar manners.  Are there 
fluctuations in Id2a levels and its compartment localization during distinct phases of the 
cell cycle and retinogenesis? In response to growth factors or other signaling molecules? 
To begin to address this, one could use a combination of biochemistry, 
immunohistochemistry, live imaging and FACS sorting.  A version of Id2a protein tagged 
with GFP or unstable GFP would prove invaluable in this experimental paradigm, as it 
would allow for the real time visualization of Id2a protein fluctuations during 
retinogenesis.  Importantly, one could also engineer phospho-ablated versions of Id2a 
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protein tagged with GPP and assess the functional consequences of their overexpression 
on retinal development, both clonally and globally.  These results would help to dissect 
the functional roles that Id2a plays during retinogenesis in a more precise manner. 
 
 
V. 3.  Id2, INM and the Notch pathway 
 
 During zebrafish retinogenesis, Id2a abundance influences retinogenesis, not only 
by modulating timely cell cycle exit, but also by affecting Notch pathway activity.  
Diminished Id2a protein levels caused the expansion of Notch pathway component 
expression and signaling activity, whereas overexpression of Id2a restricted component 
expression during retinogenesis.  Indeed, the upregulation of Notch pathway activity was 
physiologically relevant, as attenuation of Notch activity with the chemical inhibitor 
DAPT or co-knockdown of Notch1a was sufficient to rescue proliferative and terminal 
differentiation defects in Id2a-deficient retinas.  What remains unclear is whether or not 
the link between Id2a and the Notch pathway is direct or indirect.   
 
 A relationship between Notch pathway activity, the cell cycle, nuclear migration 
and the timing of neurogenesis has been described in the developing zebrafish retina (Del 
Bene et al., 2008; Willardsen et al., 2011).  During development, the nuclei of 
neuroepithelial cells oscillate in an apical to basal direction in a process called 
interkinetic nuclear migration (INM), and this correlates with cell cycle phase occupancy 
(Latasa et al., 2009).  Nuclei located basally occupy the S phase, whereas mitotic nuclei 
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are localized within the apical region, thus this gives rise to the pseudostratified 
architecture of the developing vertebrate retina (Willardsen and Link, 2011).  
Interestingly, there exists an apical to basal gradient of Notch signaling activity in this 
neuroepithelium as well, such that high Notch signaling activity is observed at the apical 
surface and low activity is detected at the basal region (Del Bene et al., 2008). Thus, as a 
nucleus migrates in the basal to apical direction, not only does it occupy a distinct phase 
of the cell cycle, it also is exposed to varying levels of Notch signaling activity as it does 
so.   
 
 Disruptions in INM change the timing of retinal neurogenesis and this has a direct 
impact on the final neuron composition of the retina.  For example, perturbations in the 
mechanics underlying nuclear migration lead to nuclear accumulation within the basal 
region of the retina in the zebrafish mutant mikre oko (mok), which harbors a mutation in 
Dynactin-1, (Del Bene et al., 2008). This causes retinal progenitor cells to exit the cell 
cycle and differentiate prematurely because basally located nuclei are exposed to a 
reduced amount of Notch signaling activity, and as such, they escape Notch mediated cell 
cycle maintenance and execute a differentiation program.  mok mutant nuclei are 
inappropriately exposed to intrinsic and extrinsic cues which causes them to differentiate 
overwhelmingly into early born neurons, such as ganglion cells (Del Bene et al., 2008), 
thereby depleting the retinal progenitor cell pool.  It is possible that Id2a function is 
required to influence the Notch signaling gradient that migrating nuclei are exposed to 
during INM.  A detailed analysis of the Notch signaling gradient within Id2a-deficient 
retinae would certainly be of great interest.  Several zebrafish Notch reporter lines exist 
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that could be used to visualize Notch signaling activity in vivo, such as the 
Tg(Tp1bglob:eGFP)um14 line, which expresses GFP protein under the control of a Notch 
responsive element (Parsons et al., 2009).  As well, the process of INM should be 
analyzed in Id2a-deficient retinoblasts.  This can be accomplished using time-lapse 
confocal microscopy.  Thus far, all analyses of zebrafish retinal cells deficient in Id2a has 
been achieved using fixed samples during distinct phases of retinogenesis, therefore a 
more detailed time-lapse analysis of the behavior/migration of nuclei within the 
developing neuroepithelium would be invaluable in further testing this model. 
 
 Alternatively, Id2a could function to limit the Notch signaling pathway via its 
stereotyped dominant negative role.   I discovered that loss of Id2a leads to an increase in 
Notch signaling activity and that this is correlated with increased expression of ascl1a, 
dla, n1a and her4.1, and conversely, overexpression of Id2a is sufficient to limit their 
expression.  Interestingly, in the developing chick and mouse retina, Nelson and 
colleagues recently described a conserved Ascl1/Delta-like/Notch/Hes molecular circuit 
that functions within the retinal progenitor pool in order to coordinate retinal 
differentiation (Nelson et al., 2009).  Ascl1 is expressed in mitotically active retinal 
progenitors, along with Delta-like genes, and together they are required to activate and 
maintain downstream Notch signaling events.  The precise level of Notch signaling is 
important for maintaining the retinal progenitor pool, and thus, fluctuations in Notch 
signaling levels directly influence the timing of retinal cell cycle exit and neurogenesis. 
One can envision a model where the aberrant Notch pathway activity resulting from loss 
of Id2a could be due to a disruption in this Ascl/Delta/Notch molecular circuit.  In this 
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model, Id2a would normally function to antagonize the upstream activation of the Notch 
circuit. For example, Ascl1 must heterodimerize with E47 in order to activate the 
transcription of target genes (Johnson et al., 1992) or with Neurog2 to activate Delta 
expression (Henke et al., 2009), and Id2a could feasibly bind E47 or Neurog2.  Indeed 
Id2 has been shown to bind E47 in order to regulate transcription factor function 
(O’Toole et al., 2003).  In either case, loss of Id2a would allow Ascl1 to activate its 
downstream target genes more readily, leading to enhanced pathway activity. One way to 
assay this would be to determine what Id2a binds to during distinct phases of 
retinogenesis utilizing Mass Spec analyses.  Moreover, one could utilize 
immunoprecipitation experiments to test the hypothesis that Id2a binds E47, Nrgn2 or 
Ascl1 during retinogenesis.  Using both methods, one would be able to further clarify 
Id2a’s biochemical role during retinal development and expand our knowledge of the 
molecular mechanisms underlying retinal neuron development.   
 
 Finally, utilizing RNA-sequencing technology, I identified numerous genes whose 
expression level depends upon Id2a function during retinogenesis.  Over 1,900 
differentially expressed transcripts were detected between Id2a-deficient retinae and 
control, suggesting that Id2a is a key protein utilized by the developing retina to regulate 
gene transcription (Chapter IV).  Although Id2a is not a transcription factor, due to its 
inability to bind DNA, these results clearly demonstrate that retinal progenitor cells  
utilize indirect mechanisms to regulate their transcriptome.  It will be important to further 
examine the differentially expressed genes; novel candidate genes without any known 
role during retinal development could be identified and functionally investigated. 
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Undeniably, pathway annotation analyses of the differentially expressed genes have 
highlighted that numerous biological processes are affected downstream of Id2a, such as 
many down regulated genes belonging to the ‘ion transport’ and ‘cell adhesion’ pathways 
(Figure IV-2), or up regulated genes belonging to the ‘nitrogen compound biosynthesis’ 
and ‘DNA replication’ pathways (Figure IV-3).  Interestingly, a recent role for the Id 
proteins has emerged with regards to adhesion; Id protein function is required for neural 
stem cell adherence to their stem cell niche (Niola et al., 2012), therefore Id function 
promotes stem cell “stemness”.  It will be interesting to investigate if Id2a has such an 
essential role within the retinal progenitor cell population.   
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Appendix A: Materials and Methods 
 
Zebrafish maintenance: Zebrafish (Danio rerio) were maintained at 28.5°C on a 14h 
light/10h dark cycle. Animals were treated in accordance with University of Texas at 
Austin IACUC provisions.  
 
Morpholino and mRNA injections 
All morpholino injections were performed during the 1-4 cell stage.  The following 
morpholinos were used: Id2aMO (5’- GCCTTCATGTTGACAGCAGGATTTC-3’), Id2a 
mismatch morpholino (Id2aMM) (5′- GCGTTGATGTTCACAGCACGAATTC-3′) (Uribe 
and Gross, 2010), and Notch1aMO (5’-GAAACGGTTCATAACTCCGCCTCGG-3’) 
(Lorent et al., 2004). For gfp control and id2a mRNA injections, pCS2-id2a or pCS2-gfp 
(Uribe and Gross, 2010) were linearized and capped mRNAs were transcribed using the 
mMessage kit (Ambion). 100pg of id2a mRNA was injected into embryos for 
overexpression experiments. 
 
Riboprobes and in situ hybridization: Hybridizations using digoxigenin labeled 
antisense RNA probes were performed essentially as described (Jowett and Lettice, 
1994). id2a was cloned from 24hpf whole-embryo cDNA (details available upon 
request). cDNA clones encoding id2b, pax6, sox2, tfap2α, crx, dla, her4.1 and neuroD4 
were purchased from ZIRC (Eugene, OR), mab21l2 and six3b were provided by Mary 
Ellen Lane (Rice University) and atoh7 was provided by Brian Link (Medical College of 
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Wisconsin). cDNA clones containing ascl1a and notch1a were kindly provided by Bruce 
Riley  (Texas A&M University).   
 
Histology: Histology was performed as described in (Nuckels and Gross, 2007). 
 
Immunohistochemistry: Immunohistochemistry was performed as described in (Uribe 
and Gross, 2007). The following antibodies and dilutions were used: anti-Id2  (sc-
489;1:100) (Santa Cruz Biotech), anti-pH3 (UpstateSignaling) (1:250), the ZIRC 
antibodies: zpr1 (1:200), zpr3 (1:200), zn8 (1:100), zrf1 (1:200); 5e11 (1:100) (gift of Dr. 
James Fadool, Florida State University; Hyatt et al., 1996), anti-PKC; (1:100) (SantaCruz 
Biotech), and goat anti-mouse, anti-rabbit or anti-streptavidin secondaries (1:200; 
Jackson ImmunoResearch). Nuclei were counterstained with SytoxGreen (1:10,000; 
Molecular Probes).  
 
Eye Measurements:  Eye size was measured using whole eyes in living embryos, n=6, 
along at the following axes at 48hpf: Anterior-Posterior (A/P), Dorso-Ventral (D/V) 
and/or Nasal-Temporal (N/T).   Measurements were made in microns using a standard 
eye-piece ruler on a 6SE Leica light microscope.   
 
BrdU assays: BrdU incorporation assays were performed as described in (Baye and 
Link, 2007).  Anti-BrdU antibody (Abcam, 1:250) was used to detect BrdU+ nuclei on 
central retinal cryosections.  Statistical significance and SEM were determined using 
Student’s t-test (Graphpad Prism), minimum of 4 retinas per condition. 
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TUNEL assays: TUNEL assays were performed on cryosections using a TMR-Red 
labeled in situ cell death detection kit (Roche) per manufacturers instructions. 
 
Flow Cytometry: FACS-DNA content analysis was performed as described in Bessa et 
al., (2008).  DNA content was quantified on a BD-FACsCalibur Flow-Cytometer in three 
separate rounds using at least 25,000 cells per condition. Cell cycle analyses were 
performed using FlowJo software and statistical analysis was performed using a two 
parametric, unpaired t-test (GraphPad Prism).  
 
Mosaic Analyses:  Shield stage transplants were performed as described in (Carmany-
Rampey and Moens, 2006).  Donor embryos were injected with a cocktail of Alexa-Fluor 
568 and lysine-fixable Biotin-dextran, MW 10,000 (Molecular Probes) in 0.2M KCL. 
Cell cycle analyses: Embryos exhibiting mosaic eyes were injected at 48hpf with 10mM 
BrdU into the yolk and were fixed 30 minutes later for BrdU immunohistochemistry. 
Cryosectioned retinas containing clones in similar regions of the retina were then 
analyzed by confocal microscopy for the presence of BrdU.  Retinal differentiation: 
Embryos were fixed at 61hpf for immunohistochemistry and probed for Zpr1. 
 
in vivo imaging: Embryos were co-injected at the 1-cell stage with 150pg of nls-kaede-
mRNA along with either Id2a-MM, Id2a-MO or 100pg of id2a-mRNA, and at 30hpf, 
they were mounted in 0.9% low-melt agarose dissolved in fish water.  Small clones of 
cells were photoswitched in the dorsal-anterior retina using Zeiss Pascal confocal 
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microscope equipped with a UV laser.  The retina was immediately imaged to identify 
photoconverted cells, and it was imaged again at 39hpf to identify progeny.  
Photoconverted cells were counted at each time point and the fold-increase per 
photoswitched clone was calculated and averaged for each condition (n=3).   
 
Retinal RNA extraction and purification 
From Id2aMM and Id2aMO injected embryos, 50 whole retinae (lenses removed) were 
dissected between 48 and 50hpf in sterile Ringer’s solution (116 mM NaCl, 2.9 mM KCl, 
1.8 mM CaCl2, 5.0 mM HEPES, pH 7.2).  Dissected retinae from each condition were 
immediately pooled and dissolved in 1mL of Trizol reagent (Invitrogen) and briefly 
vortexed at room temperature.  Total retinal RNA was purified by the addition of 200 
microliters of chloroform, the samples were vortexed for 1 minute and then centrifuged 
for 5 minutes, 16,000g at 4°C.  The resulting aqueous layer was transferred to a new tube, 
mixed with an equal volume of RNase-free 70% ethanol, loaded into an RNeasy 
MiniElute kit column (Qiagen) and centrifuged for 15 seconds, 8,000g at 4°C.  The 
column was washed twice with 700 microliters of RPE buffer supplied in the RNeasy 
MiniElute kit; samples were centrifuged for 30 seconds, 8,000 g at 4°C in between each 
wash.  The column was given a final wash with 700 microliters of RNase-free 80% 
ethanol and centrifuged for 2 minutes, 8,000g 4°C.  To remove all residual ethanol from 
the column, it was centrifuged at top speed for 5 minutes and the RNA was eluted with 
16 microliters of RNase-free water. Resulting RNA was subjected to RNA integrity 
analyses using an Aligent BioAnalyzer, and only samples having an RNA integrity 
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number (RIN) of 9 or higher were used for subsequent RNA-sequencing analyses or 
quantitative real time PCR.   
 
RNA sequencing 
RNA sequencing was performed using the Illumina HiSeq 2000 run platform at the 
Genome Sequencing and Analysis Facility, UT Austin. Two biological replicates were 
performed for Id2aMM control and Id2aMO knockdown conditions. A starting amount of 
1 microgram of total retinal RNA per condition was used to generate cDNA libraries 
using the TruSeq RNA Sample Prep kit (Illumina). The data have been submitted to the 
Gene Expression Omnibus database (Accession number: GSE38786). 
 
Short read mapping and differential expression analysis 
 
RNA-seq reads were mapped to all known 48,636 D. rerio cDNA sequences (EnsEMBL 
release 66) using bowtie (version 0.12.7) (Langmead et al., 2009), with the option to 
report all alignments per read. Approximately 46 ~ 52 % of total reads (43~57 million 
reads) were mapped to the cDNA database.  While this approach can inflate estimated 
abundance for transcript isoforms or paralogous genes in the genome by counting shared 
reads among them multiple times, it should not introduce significant bias in the analysis, 
mainly because a comparison between two samples (Id2aMM vs. Id2aMO) was used and 
reads were mapped to the identical cDNA database.  The number of reads per each 
transcript was normalized with total number of mapped reads and transcript length, 
converting all raw read counts to ‘number of reads per 1,000 bases per 100 million reads’ 
(RPK100M).  ‘100 million reads’ was chosen as a normalization factor, instead of the 
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conventional 1 million reads (RPKM) (Mortazavi et al., 2008), to generate positive 
values of log10-transformed normalized values.  Transcripts without any mapped reads in 
more than two biological samples were discarded, then mapped transcripts were rounded 
to an integer using DESeq package (version 1.6.1) (Anders et al., 2010) to identify 
differentially expressed genes between Id2aMM and Id2aMO samples.  Genes showing 
greater than a 2-fold change and less than a 0.05 adjusted p-value between Id2aMM and 
Id2aMO samples were defined as differentially expressed genes (DE). 
 
Functional Enrichment Analysis 
 
DAVID (version 6.7) (Huang et al., 2009; Huang et al., 2009) was used for functional 
enrichment analysis.  Genes identified in this experiment were used as background (Gene 
Expression Omnibus database (Accession number: GSE38786), and tested for which 
functional groups are enriched in either up-regulated genes or down-regulated genes in 
Id2aMO compared to Id2aMM (Gene Expression Omnibus database Accession number: 
GSE38786).  Out of 24,506 background genes, 18,232 genes were successfully submitted 
to the DAVID server as background. Similarly, 720 out of 871 down-regulated genes and 
312 out of 384 up-regulated genes were used in this test.  The Gene Ontology (GO) terms 
in InterPro protein domain and KEGG pathway databases with at least 3 genes in each 
functional category were included on the gene list, and adjusted p-value (Benjamini) was 
less than 0.05.  All supplemental tables available online through Gene Expression 
Omnibus database (Accession number: GSE38786).  
 
Quantitative RT-PCR (qRT-PCR) 
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The following qPCR primers were used: tubulin 5’-TGGAGCCCACTGTCATTGATG-
3’ and 5’-CAGACAGTTTGCGAACCCTATCT-3’ hes6 5’-
CGAAGGAGGCTGACAGTGTG-3’ and 5’-ATTCGAGGAGGTGGTTCAGC-3’, 
her4.1 5’-CACTGGATCAATCAGCAGCA-3’ and 5’-TCTCGGCGGATCTTCTCC-3’, 
dla 5’-GATCGACCACTGCTCTTCCA-3’ and 5’-TTGGCAAGGGTACATCGAAC-3’, 
ascl1a 5’-GGGCTCATACGACCCTCTGA-3’ and 5’-
TCCCAAGCGAGTGCTGATATTT-3’, notch1a 5’-ACATCACCCTTCCAGCAGTC-3’ 
and 5’-AGGCTTCCCTAAACCCTGAA-3’, cdk6 5’- 
CCTACTTCGTTTCCTGTCCTTC-3’ and 5’- TACAGGCTCTTGCTGGTGCT-3’, skp2 
5’-AAAGCACACCGAGTCTTCGT-3’ and 5’-CAGAGAGCACCAATCCTTCA-3’, 
cdkn1a 5’- AGAAGAGCAGCGAGCTGAAG-3’ and 5’- 
TAGACGCTTCTTGGCTTGGT-3’, fzd6 5’- GCAGTGTGAGCGACTGGAG-3’ and 5’- 
TTAGCTGGAGCGGACACC-3’, rspo1 5’- GATCCCATGCAAAGGAGAAA-3’ and 
5’- GTGGTGGACCGGTTAGTGTT-3’, tcf7l1b 5’- CTCACCTCGTCCCTCATCAT-3’ 
and 5’- GGCCTGGAGACTTCGTGTTA-3’.  Real Time PCR was performed using three 
biological replicates with Power SYBER Green PCR Master Mix (Applied Biosystems) 
on the Applied Biosystems 7900HT Real Time PCR machine.  Real Time PCR data was 
analyzed using the Comparative Ct method (Schmittgen and Livak, 2008).  Transcript 
levels were normalized using ΔCt between gene of interest with tubulin alpha 1 and 
statistical significance was determined using a Student’s T-test (p < .05) between control 
and experimental  2^-(ΔCt) values,.  Fold change in expression is depicted graphically as 
2^-(ΔΔCt) values along with Standard deviation.   
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DAPT treatment 
Insolution™ γ-Secretase Inhibitor 1X DAPT Stock solution (Calbiochem) (25mM DAPT 
dissolved in DMSO) or DMSO alone was used for all experiments.  Embryos were 
incubated in fish water supplemented with either 50 µM DAPT or DMSO as a control.  
After incubation, embryos were extensively washed in fish water prior to fixation in 4% 
PFA.  
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